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Bovine serum albumin is one of the most 
extensively studied proteins. Its molecular and 
biological properties have been the target of physical 
chemists as well as biochemists. In spite of a l l 
these efforts some basic questions about bovine (or 
human) serum albumin are yet to be answered. For 
example, even repeated attempts on x-ray 
crystal lographic studies of this protein have fa i led 
due to one reason or the other. Similarly, the 
mechanism of interaction of fatty acids and bi l irubin 
at molecular leve l , despite detailed and sometimes 
bri l l iant studies, is sti l l poorly understood. In the 
present work a systematic study of the role of lysine 
side chains "buried" in the protein interior has been 
undertaken. Previous studies from this laboratory on 
succinylation of lysine residues of BSA were 
interesting and suggestive of noninvolvement of the 
surface lysine residues in this interaction. However, 
an element of uncertainty was left in these studies 
as progressive succinylation also produced para l le l 
changes in protein conformation. In the present 
study only buried lysine residues of BSA were modified 
using a double modification technique. First, al l of 
the surface lysine residues were modified by a 
reversible modifying group such as citraconic 
anhydride followed by a second modification and 
f ina l ly the reversible modifying groups were removed 
under conditions in which the second modification was 
stable. In this way the buried lysine residues were 
acetylated, carbamylated, guanidinated and 
succinylated. The physiochemical properties, stabi l i ty 
and bi l irubin binding properties of these der ivat ives 
are described in this thesis. 
The purity of a l l the modified preparations 
used in this study was checked by polyacrylamide gel 
electrophoresis as . well as by size exclusion 
chromatography on Sephadex G-200 and were found to 
be pure by both the cr i ter ia . The extent of 
modification determined by TNBS or ninhydrin method 
ful ly agreed with theoretically expected value. First 
modification involv ing citraconic anhydride yielded an 
80% modified preparation. Second modification by 
acetic anhydride, potassium cyanate, 0-methylisourea or 
succinic anhydride followed by removal of f i rst 
modification yielded 20-25% modified protein having 
this extent of modification on putative buried lysine 
residues. With the exception of acetylation a l l the 
other modifications were restricted to amino groups. 
During acetylation about 4 tyrosine residues were also 
modified which were subsequently removed by treating 
the protein with hydroxylamine. 
The physiochemical properties of modified 
proteins were studied by using the techniques of U V 
spectroscopy, fluorescence, gel f i l t rat ion, intrinsic 
viscosity and immunological cross-react iv i ty against 
anti-BSA antiserum. U V spectral features of modified 
albumins except succinylated albumin were very similar 
to native albumin. Succinylated albumin showed a 
distinct blue shift in the spectrum characteristic of 
conformational changes in protein. 
The hydrodynamic properties such as Stokes 
radius, diffusion coef f ic ient, fr ict ional ratio and 
intrinsic viscosity suggested that there was a 
substantial conformational change in case of Suc-BSA 
der ivat ive and only a sl ight change in conformation of 
the other three der ivat ives . The value of Stokes 
radius of SaC-BSA v/as found to be 3.71 nm as 
compared to 3.A2 nm of the native BSA whereas the 
other three derivat ives showed no change in the Stokes 
radius. However, the intrinsic viscosity of al l the 
modified albumin der ivat ives was higher as compared 
to native BSA. The maximum change was observed in 
case of Suc-BSA which has an intrinsic viscosity of 
4.8 ml g ^ as compared to 3.6 ml g ^ of native BSA. 
The intrinsic viscosity for Act-BSA, Car-BSA and 
Gua-BSA were 4.1, 3.9 and 4.1 ml g ^ respect ive ly . 
Obviously conformational changes in aceylated, 
carbamylated and guanidinated BSA are very small. 
All the four modified albumins reacted strongly 
with anti-BSA antiserum and gave strong precipit in 
arcs. The only notable dif ference was weaker 
precipitin arcs in the case of succinylated albumin. 
In Immunoelectrophoresis al l the proteins gave a 
single precipitin arc and the electrophoretic mobility 
showed the same pattern as in case of polyacrylamide 
gel electrophoresis. From immunological studies it 
appears that none of the lysine residues modified in 
this study is part of antigen determinants. 
The conformational f l ex ib i l i t y of various 
albumin preparations was determined by studying their 
rate of proteolytic digestion with trypsin and 
chymotrypsin. The susceptibil ity of the proteins to 
proteolytic digestion was expressed in terms of rate 
constant and ef fect ive rate constant. The ef fect ive 
rate constants for tryptic digestion were 1.59 x lO"^, 
2.05 X L O " ^ , 2.OA X 2.17 x lO"^ and 3.57 x L O " ^ 
for native B S A , C a r - B S A , G u a - B S A and Suc -BSA 
respectively. For chymotryptic digestion the e f fect ive 
rate constants were 2.19 x 2.50 x 2.25 x lo"^ 
2.28 x lO"^ and 3.66 x lo"^ for native B S A , A c t - B S A , 
C a r - B S A , G u a - B S A and S U G - B S A respect ive ly . The rate 
constants were increased s igni f icant ly in case of 
S U C - B S A whereas a slight increase was observed in the 
other three modified der ivat ives. The Suc-BSA was 
more susceptible to proteolytic attack which is 
understandable in view of the conformational changes 
which occurred in this preparation. It can be 
presumed that slight conformation changes also occur 
in A c t - B S A , C a r - B S A and G u a - B S A der ivat ives which 
may account for their increased susceptibil ity to 
proteolytic digestion as compared to native BSA. 
The conformational stabi l i ty of BSA and its 
modified forms was studied by urea denaturation, The 
free energy change in the absence of denaturant, AG^^ 
was used as a measure of conformational stabi l i ty . 
The A . values for BSA and its modified 
derivat ives were determined from free energy of 
unfolding, AG^^ by the l inear extrapolation method 
and denaturation binding model. It was found that 
native BSA is more stable by 694, 268, 514 and 1658 
cal mole than Act-BSA, Car-BSA, Gua-BSA and 
Suc-BSA respectively at zero urea concentration. 
The modified albumins also showed a shift towards 
lower urea concentrations in the midpoints of their 
transition. As expected the maximum change was 
observed in case of Suc-BSA. Since succinyl group 
replaces a positive charge on lysine by a negative 
charge and is the most bulky of the four modifiers 
used in this study, its incorporation into the protein 
wi l l be thermodynamically unfavourable. The other 
three der ivat ives showed lesser but s igni f icant 
decrease in the s tabi l i ty . The results of 
hydrodynamic properties, proteolytic digestion and 
conformational stabi l i ty taken together suggest that 
buried lysines play important role in the stabi l izat ion 
of native three dimensional structure of albumin 
presumably by salt bridge formation with abnormally 
t i trating carboxyl groups. 
Final ly the binding of bi l i rubin to native and 
modified BSA preparations was studied by v is ib le 
spectroscopy and fluorescence quenching. There was 
a decrease inthe extent of dif ference spectral change 
at 480 nm for modified albumin der ivat ives . The 
decrease was maximum in case of Suc-BSA and 
minimum in Gua-BSA preparations. The fluorescence 
quench titration of bi l irubin with BSA and its 
modified forms was studied in sodium phosphate 
buffer , pH 8.0, I = 0.15. The binding constants were 
determined from the Scatchard plots of the quenching 
data. There was about 100 fold decrease in binding 
constant of Act-BSA and Car-BSA der ivat ives whereas 
an even greater decrease of about 120 fold was 
observed for Suc-BSA preparation. Interest ingly , 
there was only 3 fold decrease in case of Gua-BSA. 
At higher ionic strength ( I = 1.0), a decrease in the 
binding constant of native BSA from 1.188 x 10~^ l i tre 
-1 7 -1 mole to 1,056 x 10 l i t re mole was observed which 
is probably due to the involvement of electrostatic 
interaction in bi l irubin binding to albumin. On the 
other hand, Suc-BSA showed an increase in a f f in i ty 
5 - 1 5 
constant from 1.03 x 10 l i tre mole to 1,16 x 10 
l i tre mole at I = 1.0, which may be due to slight 
refolding of the Suc-BSA der ivat ive at this ionic 
strength leading to improved bi l irubin binding. 
The results of bi l irubin binding when 
considered in concert with the results of conformation 
and stabil i ty of albumin preparations strongly suggest 
involvement of buried lysine residues in bi l i rubin 
binding. However, my results do not agree with 
several earl ier studies which had concluded that 
modification of lysine residues abolish bi l irubin 
binding. These studies have great ly eliminated the 
ambiguity usually associated with chemical 
modification studies. Unpublished results from this 
laboratory have indicated that none of the 80% 
exposed lysine residues are involved in 
albumin-bilirubin interaction. Thus, in the l ight of 
present work it appears that one or two of the buried 
lysine residues may provide salt bridges for the 
carboxyl grops of b i l i rubin. It remains unclear how 
the buried lysine residues become ava i lab le for 
interaction with b i l i rubin. 
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A B S T R A C T 
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Bovine serum albumin is one of the most 
extensively studied proteins. I ts molecular and 
biological properties have been the target of physical 
chemists as well as biochemists. In spite of a l l 
these ef forts some basic questions about bovine (or 
human) serum albumin are yet to be answered. For 
example, even repeated attempts on x - ray 
crystal lographic studies of this protein have fa i led 
due to one reason or the other. Similarly, the 
mechanism of interaction of fatty acids and bi l i rubin 
at molecular l eve l , despite detailed and sometimes 
br i l l iant studies, is st i l l poorly understood. In the 
present work a systematic study of the role of lysine 
side chains "buried" in the protein interior has been 
undertaken. Previous studies from this laboratory on 
succinylation of lysine residues of BSA were 
interesting and suggestive of noninvolvement of the 
surface lysine residues in this interaction. However, 
an element of uncertainty was le f t in these studies 
as progressive succinylation also produced para l l e l 
changes in protein conformation. In the present 
study only buried lysine residues of BSA were modified 
using a double modification technique. First , a l l of 
the surface lysine residues were modified by a 
reversible modifying group such as citraconic 
( i v ) 
anhydride followed by a second modification and 
f i na l l y the revers ib le modifying groups were removed 
under conditions in which the second modification was 
stable. In this way the buried lysine residues were 
acetylated, carbamylated, guanidinated and 
succinylated. The physiochemical properties, stabi l i ty 
and bi l i rubin binding properties of these der ivat ives 
are described in this thesis. 
The purity of a l l the modified preparations 
used in this study was checked by polyacrylamide gel 
electrophoresis as well as by size exclusion 
chromatography on Sephadex G-200 and were found to 
be pure by both the cr i ter ia . The extent of 
modification determined by TNBS or ninhydrin method 
fu l l y agreed with theoret ical ly expected va lue . First 
modification invo lv ing citraconic anhydride y ie lded an 
80% modified preparation. Second modification by 
acetic anhydride,potassium cyanate, 0-methylisourea or 
succinic anhydride followed by removal of f i rs t 
modification y ie lded 20-25% modified protein having 
this extent of modification on putative buried lysine 
residues. With the exception of acetylation a l l the 
other modifications were restricted to amino groups. 
( v ) 
During acetylation about 4 tyrosine residues were also 
modified which were subsequently removed by treating 
the protein with hydroxylamine. 
The physiochemical properties of modified 
proteins were studied by using the techniques of U V 
spectroscopy, fluorescence, gel f i l t ra t ion , intrinsic 
v iscosity and immunological cross-react iv i ty against 
anti-BSA antiserum. U V spectral features of modified 
albumins except succinylated albumin were ve ry similar 
to nat ive albumin. Succinylated albumin showed a 
distinct blue shift in the spectrum characteristic of 
conformational changes in protein. 
The hydrodynamic properties such as Stokes 
radius, di f fusion coef f ic ient, f r ic t ional ratio and 
intrinsic viscosity suggested that there was a 
substantial conformational change in case of Suc-BSA 
der ivat ive and only a sl ight change in conformation of 
the ether three der ivat ives . The value of Stokes 
radius of SuC-BSA was found to be 3.71 nm as 
( v i ) 
compared to 3.42 nm of the native BSA whereas the 
other three der ivat ives showed no change in the Stokes 
radius. However, the intr insic viscosity of a l l the 
modified albumin der ivat ives was higher as compared 
to native BSA. The maximum change was observed in 
case of Suc-BSA which has an intrinsic v iscosity of 
4.8 ml g ^ as compared to 3.6 ml g ^ of nat ive BSA. 
The intr insic viscosity for Act-BSA, Car-BSA and 
Gua-BSA were 4.1, 3.9 and 4.1 ml g ^ respect ive ly . 
Obviously conformational changes in aceylated, 
carbamylated and guanidinated BSA are ve ry small. 
Al l the four modified albumins reacted strongly 
with anti-BSA antiserum and gave strong precipit in 
arcs. The only notable di f ference was weaker 
precipit in arcs in the case of succinylated albumin. 
In Immunoelectrophoresis a l l the proteins gave a 
single precipit in arc and the electrophoretic mobility 
showed the same pattern as in case of polyacrylamide 
gel electrophoresis. From immunological studies it 
appears that none of the lysine residues modified in 
this study is part of antigen determinants. 
The conformational f l ex ib i l i t y of various 
albumin preparations was determined by studying their 
rate of proteolytic digestion with trypsin and 
( v i i ) 
chymotrypsin. The susceptibi l i ty of the proteins to 
proteolytic digestion was expressed in terms of rate 
constant and e f fect ive rate constant. The e f fect ive 
rate constants for trypt ic digestion were 1.59 x 10 
2.05 X lO'^, 2.04 X 2.17 x lo"^ and 3.57 x 10~^ 
for nat ive BSA, Car-BSA, Gua-BSA and Suc-BSA 
respect ive ly . For chymotryptic digestion the e f fect ive 
-5 -5 -5 
rate constants were 2.19 x 10 , 2.50 x 10 , 2.25 x 10 
2.28 x and 3.66 x 10~^ for native BSA, Act-BSA, 
Car-BSA, Gua-BSA and Suc-BSA respect ive ly . The rate 
constants were increased s igni f icant ly in case of 
Suc-BSA whereas a sl ight increase was observed in the 
other three modified der ivat ives . The Suc-BSA was 
more susceptible to proteolytic attack which is 
understandable in view of the conformational changes 
which occurred in this preparation. I t can be 
presumed that sl ight conformation changes also occur 
in Act-BSA, Car-BSA and Gua-BSA der ivat ives which 
may account for their increased susceptibi l i ty to 
proteolytic digestion as compared to native BSA. 
The conformational stabi l i ty of BSA and its 
modified forms was studied by urea denaturation. The 
free energy change in the absence of denaturant, 
was used as a measure of conformational stabi l i ty . 
The A . values for BSA and its modified 
( v i i i ) 
der ivat ives were determined from free energy of 
unfo ld ing, A G ^ by the l inear extrapolation method 
and denaturation binding model. I t was found that 
native BSA is more stable by 694, 268, 514 and 1659 
cal mole than Act-BSA, Car-BSA, Gua-BSA and 
Suc-BSA respectively at zero urea concentration. 
The modified albumins also showed a shift towards 
lower urea concentrations in the midpoints of their 
transit ion. As expected the maximum change was 
observed in case of Suc-BSA. Since succinyl group 
replaces a posit ive charge on lys ine by a negat ive 
charge and is the most bulky of the four modifiers 
used in this study, its incorporation into the protein 
wi l l be thermodynamically unfavourable. The other 
three der ivat ives showed lesser but s igni f icant 
decrease in the s tab i l i ty . The results of 
hydrodynamic properties, proteolytic digestion and 
conformational stabi l i ty taken together suggest that 
buried lysines p lay important role in the stabi l izat ion 
of nat ive three dimensional structure of albumin 
presumably by salt br idge formation with abnormally 
t i t rat ing carboxyl groups. 
F inal ly the binding of b i l i rubin to native and 
modified BSA preparations was studied by v is ib le 
spectroscopy and fluorescence quenching. There was 
( i x ) 
a decrease inthe extent of di f ference spectral change 
at 480 nm for modified albumin der ivat i ves . The 
decrease was maximum in case of Suc-BSA and 
minimum in Gua-BSA preparations. The fluorescence 
quench titration of b i l i rubin with BSA and its 
modified forms was studied in sodium phosphate 
buf fer , pH 8.0, I = 0.15. The binding constants were 
determined from the Scatchard plots of the quenching 
data. There was about 100 fold decrease in binding 
constant of Act-BSA and Car-BSA der ivat ives whereas 
an even greater decrease of about 120 fold was 
observed for Suc-BSA preparation. Interest ingly , 
there was only 3 fold decrease in case of Gua-BSA. 
At higher ionic strength ( I = 1.0) , a decrease in the 
-7 
binding constant of native BSA from 1.188 x 10 l i tre 
mole ^ to 1.056 x 10^ l i t re mole ^ was observed which 
is probably due to the involvement of electrostatic 
interaction in bi l i rubin binding to albumin. On the 
other hand, Suc-BSA showed an increase in a f f in i t y 
5 - 1 5 constant from 1.03 x 10 l i tre mole to 1.16 x 10 
l i t re mole ^ at I = 1.0, which may be due to sl ight 
re fo lding of the Suc-BSA der ivat ive at this ionic 
strength leading to improved bi l i rubin binding. 
The results of b i l i rubin binding when 
considered in concert with the results of conformation 
( x ) 
and stabi l i ty of albumin preparations strongly suggest 
involvement of buried lysine residues in bi l i rubin 
binding. However, my results do not agree with 
several ear l i er studies which had concluded that 
modification of lys ine residues abolish bi l i rubin 
binding. These studies have great ly eliminated the 
ambiguity usually associated with chemical 
modification studies. Unpublished results from this 
laboratory have indicated that none of the 80% 
exposed lysine residues are involved in 
albumin-bil irubin interaction. Thus, in the l ight of 
present work it appears that one or two of the buried 
lysine residues may provide salt br idges for the 
carboxyl grops of b i l i rubin. I t remains unclear how 
the buried lysine residues become ava i lab le for 
interaction with b i l i rubin. 
( x i ) 
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Ketone 
TLCK : N -p-Tosy l -L-Lys ine chloromethyl 
Ketone 
Tris : Tris (hydroxymethyl)-aminomethane 
EDTA : Ethylenediamine tetraacet ic acid 
SDS : Sodium dodecyl sulfate 
TNBS : 2,4,6-Trinitrobenzene sulfonic acid 
TEMED : N,N,N' ,N'-tetramethylethylBnediamine 
PAGE Polyacrylamide gel electrophoresis 
: Free energy of unfolding 
AqH^O : Free energy of stabi l izat ion 
'^Icm : Specific extinction coeff ic ient 
I : Ionic strength 
( x x i i ) 
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General Characteristics: 
Plasma albumin is the most p lent i fu l protein in 
mammalian plasma. I t is characterized by its high 
aqueous solubi l i ty , net negat ive charge at physiological 
pH, lack of carbohydrate moiety, s tabi l i ty and divers i ty 
of its l igand binding a f f in i t i es , etc. Serum albumin is 
a universal carr ier , transporting b i l i rubin, fatty acids, 
tryptophan, some inorganic ions and a multitude of drugs 
(Peters, 1975, Peters, 1985). Serum albumin constitutes 
about 60% of the total serum proteins. In addition to 
serum, albumin is found in other tissues as wel l . The 
distribution of albumin in di f ferent tissues of human 
body is g iven in Table I . I t is evident that only 40% 
of the total albumin is found in blood circulation. 
Serum albumin contributes about 80% of the 
total osmotic pressue and about 10% of protein nutrition 
of cel ls (Lohse et a l . , 1978). Albumin has been used to 
replace whole serum or crude protein preparations in the 
growth of microorganisms and lymphocytes (Sachs, 1978; 
Peters, 1985). Its function has usually been to regulate 
the concentration of free fat ty acids which are essential 
for growth but are toxic at increased concentrations. 
Serum albumin has been used as a model protein 
in the elucidation of structure function relationship of 
(4) 
TABLE - I 
DISTRIBUTION OF ALBUMIN IN THE HUMAN BODY* 
Tissue Amount Amount 
(g/70 Kg man) (g/Kg organ) 
Blood 140.0 24.0 
Muscle 50.0 2.3 
Skin 40.0 7.7 
L iver 2.0 1.4 
Gut 8.0 5.0 
Other tissues 110.0 3.0 
Total 350.0 
* Estimated from isotopic and immunochemical 
data (Rothschild et a l . , 1955; Katz et a l . . 
1970). 
(5) 
proteins. Though a well studied protein, the structure 
and functional diversi t ies of albumin st i l l remain to be 
re lat ive ly poorly understood. A lot of work has been 
done on serum albumin in the past few decades which 
has been reviewed by some prominent researchers l ike : 
Foster (1960); Peters (1970, 1975, 1985); Finlayson 
(1980); Brown (1975, 1976, 1977); Meloun et a l . (1975); 
Habeeb (1979); Kragh-Hansen (1981); Yap et a l . (1978); 
Alexander et a l . (1982); Rothschild et a l . (1988). 
Biosynthesis and molecular genetics: 
Serum albumin is synthesized in l i v e r and is 
secreted through the route: ribosomes-granular 
endoplasmic reticulum-smooth endoplasmic ret iculum-golgi 
complex-sinusoid (Glauman, 1970; Peters, et a l . , 1971; 
Redman and Cherian, 1972). Albumin is synthesized 
in i t i a l l y as ' preproalbumin' containing a leader 
sequence (s igna l peptide) of 18 amino acid residues 
(Strauss et a l . , 1977; MacGil l ivray et a l . , 1979; 
Schafritz, 1979) which guides the nascent chain through 
the reticular membrane. The signal peptide is cleaved 
to g ive rise to 'prealbumin' (Quinn et a l . , 1975; Judah 
and Quinn, 1976; Strauss et a l . , 1977) which carr ies an 
amino terminal hexapeptide. The structure of 
(6) 
hexapeptide in BSA is Arg-Gly-Val-Phe-Arg-Arg 
(Patterson and Geller, 1977). The proalbumin is 
converted to albumin by the removal of extension 
peptide. The l iberated propeptide is broken down in 
the l i ve r cells without any ef fect on albumin synthesis 
(Peters and Davidson, 1986), Albumin is synthesized at 
the rate of about 1 mg/g liver/hour in both human and 
rat (Peters, 1985). However* the rate var ies direct ly 
with the supply of amino acids (Kelman and Saunders, 
1972; Morgan and Peters, 1970; Peters and Peters, 
1972). Albumin synthesis is decreased during fast ing 
( S c h a f r i t z , 1979) and diabetes (Peavy et a l . , 1978). 
Growth hormone, hydrocortisone and cycl ic AMP cause an 
increase in the albumin synthesis (Brown and 
Papaconstantinous, 1979). 
Albumin m RNA has been isolated fromthe l i ver 
cytoplasm (Schafritz, 1979; Keller and Tay lor , 1979) and 
complementary DNA (cDNA) molecules have been cloned. 
Thus, with cDNA as hybridiat ion tool the genes for 
human (Hawkins and Dugaiczyk, 1982), rat (Sargent et 
a l . , 1983), mouse (Kioussis et a l . , 1981) and frog (May 
et a l . , 1982) albumins have been isolated. A single 
copy of albumin gene has been found in human and rat 
genomes. Albumin and alpha-fetoprotein genes are 
closely l inked (Peters, 1985). The albumin gene has 
(7) 
about 16,000 base pairs, approximately ten times the 
length of coding segment which contains about 1830 base 
pairs . There are 14 introns and 15 exons in the 
albumin gene. The exons are designated by the letters 
ZABCDEFGHIJKLMN. Their lengths form a pattern of 
tr iplet homology corresponding to the three domains of 
albumin (Peters, 1985). All the exons of rat albumin 
have been sequenced (Sargent et a l . , 1983). The leader 
exon Z contains the 5' untranslated portion of m RNA 
including the init iat ion and capping sites. I t also 
encodes the 18 residue signal peptide and 6 residue 
propeptide and the f i rst 2 1/3 residues of albumin 
chain. Exons ABCD, EFGH and IJKL code for domains I , 
I I and I I I in sequence, Exon M codes for residue 
571-584 in the C terminal ta i l and contains the 
termination codon. Exon N is not translated but 
contains the site for polyadenylation and 3' terminus of 
the gene (Peters, 1985). 
Physicochemical properties: 
Some of the physicochemical properties of BSA are 
summarized in Table I I . The determined molecular 
weight of BSA var ies between 65,000 and 69,000 
(Baldwin, 1957; Squire et a l . , 1968; Tanford, 1968; 
Andrews, 1970). Sedimentation results gave a value of 
(8 ) 
TABLE - I I 
PHYSICO-CHEMICAL PROPERTIES OF BOVINE SERUM ALBUMIN 
Property Value Reference 
Molecular weight 
From composition 
From physical data 
Sedimentation constant 
Diffusion constant 
Par t ia l specif ic vlume V, 
Intrinsic v iscosity, n 
Overal l dimensions A° 
Isoelectric point 
Isoionic point 
Optical absorbance 
279 nm, 1 g l i t re ^ 
Mean residue e l l ipt ic i ty 
X 
( 6 ) 209 nm 
( G ) 222 nm 
Helical content (%) 
Pleated sheet (%) 
66,267 Brown andShockley(1982) 
69,000 Tanford (1968) 
4.5 Squire et a l . , (1968) 
5.9 Wagner and Scheraga (1956) 
0.733 Hunter (1966) 
4.1 McMillan (1974) 
41.6x140.9 V/right' and Thompson(1975) 
4.7 Peters (1975) 
5.3 Foster (1960) 
0.667 Janatova et a l . , (1968) 
21.1 Noel and Hunter(1972) 
20.1 Noel and Hunter(1972) 
54 Sogami and Foster(1968) 
18 Reed e ta l . , (1975). 
(9) 
66,700 (Squire et a l . , 1968) which is in close agreement 
with the value (66,267) calculated from its amino acid 
composition (Brown and Shockley, 1982). A value of 
69,000 for molecular weight obtained by gel 
chromatography is also very close to the value 
determined by other methods. The protein exists as a 
single polypeptide chain. The presence of a single 
N-terminal amino acid (Asp) and absence of any change 
in molecular weight after treatment with 
3-mercaptoethanol in the presence of SDS followed by 
a lky lat ion, are some of the strong experimental 
evidences supporting the single chain nature of this 
protein (Thompson, 1958; Hunter and McDuffie, 1959). 
The shape of the albumin molecule has been studied by 
several techniques. Albumin molecule resembles with 
many other globular proteins in its hydrodynamic 
properties. Squire and his group (1968) determined the 
sedimentation veloci ty of BSA and analysed the ear l ier 
reports on the dielectric dispersion, sedimentation, 
electric b ire fr ingence, low angle X-ray scattering and 
electron microscopy (Moser et a l . , 1966; Luzzati et a l . , 
1961; Champagne, 1957; Chatterjee, 1965). They 
suggested that albumin molecule behaves l ike a prolate 
el l ipsoid of revolution, with dimensions of 41.6 x 140 A° 
(Wright and Thompson, 1975). This would g ive an ax ia l 
(10) 
ratio of 3.4. This behaviour is consistent with the 
presence of three structural domains in albumin molecule 
which are arranged in a l inear fashion l ike three 
tennis bal ls in a cy l inder ica l can (Anderson and Weber, 
1969). This geometry of albumin molecule is supported 
by electron microscopy performed at pH 1.9 which has 
revealed a structure made up of three globules in a 
string (Slayter, 1965). 
Attempts have been made to elucidate the 
structural aspects of albumin by X-ray crysta l lography 
but with l i t t le success (Low, 1952, McClure and Craven, 
1974; McPherson, 1976; Rao et a l . , 1976). The stabi l i ty 
of crystals has been one of the experimental handicaps 
in this respect (Rao et a l . , 1976). Therefore, most of 
the information ava i lab le on the secondary and ter t iary 
structure of albumin has been obtained from studies 
employing conventional techniques. Optical rotation and 
Raman spectral studies suggest about 55% hel ical content 
and 16% beta-pleated sheet (Sjoholm and Ljungstedt, 
1973; Reed et a l . , 1975; Foster, 1977). This view is 
supported by hydrogen exchange results of Benson et 
a l . , (1963) and theoretical ly predicted values of 
a lpha-hel ix by Reed et a l . (1975). The optical 
rotatory behavior of albumin is typical of a globular 
protein. There is a strong negative cotton ef fect at 233 
(11) 
nm. Circular dichroism in the UV region shows minima 
at 209 and 222 nm and a strong maximum at 195 nm 
(Peters, 1985). Hydrogen deuterium exchange 
measurements (Hvidt and Nielsen, 1966) showed that 
there are about 1100 potential ly exchangeable hydrogen 
atoms per molecule. Of these 750 exchange almost 
instantaneously and about 280 exchange slowly whereas 
nearly 70 f a i l to exchange at pH 7.0. However, below 
pH 3.0 and above p_H 10.0, a l l the hydrogens become 
exchangeable (Hvidt and Nielsen, 1966). In nat ive 
albumin none of the disul f ide bonds is accessible to 
reducing agents but they become accessible with the 
unfolding of albumin molecule (Katchalski et a l . , 1957). 
Heterogeneity and conformational states: 
Albumin molecule is synthesized as a single 
polypeptide chain but usually shows heterogeneity 
during its l i f e time. The genetic var iat ions of albumin 
such as bisalbuminemia, polymorphism (Schell and 
Blumberg, 1977; Tarnoky, 1980) and analbuminemia 
(Dammacco et a l . , 1980) are very rare . In fact there 
are several other causes of heterogeneity which may 
arise because of protein-protein association, l igand 
binding (Guil iani et a l . , 1981; Moehring et a l . , 1983) 
and conformational isomerization. Fraglen (1974) has 
(12) 
c lassi f ied this heterogeneity as macroheterogeneity and 
microheterogeneity. Macroheterogeneity involves the 
formation of dimers, oligomers or more often the 
polymers of albumin (Finlayson et a l . , 1960; Friedli and 
Kistler, 1970; Barnes et a l . , 1974; Saifer and Palo, 
1969). Albumin dimers can arise by the formation of 
disul f ide bonds between the lone su l f ydry l groups of two 
albumin molecules or by other unknown covalent 
interactions (Janatova, 1974). The microheterogeneity in 
albumin preparations may be due the di f ferences in the 
amount of bound l igands such as l ip ids , b i l i rubin and 
various metabolites and drugs (Foster, 1960; Peterson 
and Foster, 1965; McMenamy and Lee, 1967; Anderson, 
1969; Valmet, 1970). Further the lone su l f ydry l group 
is bel ieved to particpate in the formation of disul f ide 
bonds with small molecular weight thiol compoounds e . g . 
cysteine or glutathione (King, 1961). It is because of 
this fact that even highly puri f ied albumin preparations 
y ie ld su l f ydry l content in the range of 0.6-0.7 (Hughes, 
1954; Foster, 1960; Sogami et a l . , 1969). 
Another potential cause of heterogeneity in 
albumin preparations is conformational isomerization. 
BSA is a lab i le molecule and changes its conformational 
state with changes in the pH of the medium. Between pH 
5.0 and 7.0 it exists as "N" ( for normal) state which is 
(13) 
characterized by the properties described above. When 
the pH is lowered upto 3.5, albumin undergoes a 
conformational transition from "N" state to "F" state 
( for fast moving) . This conformational change is 
commonly known as N ^—* F transition and has 
beenextensively studied (Foster, 1960; Foster et a l . , 
1965; Herskovits and Laskowski, 1962; Hilak et a l . , 
1974) . The N t—> p transition is characterized by an 
increase in electrophoretic mobility (Foster, 1960), 
decrease in hel ical content (Hilak et a l . , 1974); 
increase in tyrosyl exposure (Herskovits and Laskowski, 
1962) and increase in intrinsic v iscosity (Tanford et 
a l . , 1967). Increase in the pH from 7.0 to 9.0 
transforms albumin into another conformationally distinct 
species referred to as "B" ( for basic ) form. This state 
is characterized by a small decrease in hel ical content 
(Leonard et a l . , 1963; Zurawski and Foster, 1974) and 
less anodic mobility in electrophoresis. Treatment of 
albumin solution at pH 9.0 for 3-4 days converts it to 
another isomeric form termed as "A" ( for aged) form. 
I t has been shown that this transformation involves 
disul f ide interchange reaction invo lv ing the lone 
su l f ydry l group of albumin (Stroupe and Foster, 1973). 
(14) 
Amino acid composition and structural organisation: 
The amino acid composition of bovine serum 
albumin is g iven in Table I I I . The protein contains a 
higher number of acidic amino acid residues (Asp and 
Glu) as compared to basic amino acids (His, Lys and 
Arg ) g i v ing acidic character to albumin molecule. I t is 
also rich in half ofcystine residues containing 35 of 
them. All of these residues except one are involved in 
the formation of intramolecular disul f ide bonds. 
Albumin molecule is devoid of any carbohydrate 
moieties. However, in v i t ro treatment of albumin with 
excess glucose (as also in case of untreated diabetic 
patients) may produce a glycosylated albumin (Shaklai 
et al . ,1984). 
Bovine albumin is made up of 582 amino acids al l 
of which are arranged in a single polypeptide chain. 
The primary structures of bovine (Brown and Shockley, 
1982), rat (Sargent et a l . , 1981) and human (Dugaiczyk 
et a l . , 1982) serum albumins have been worked out. 
There is considerable homology (60-80%) among these 
albumins. The primary structure of BSA is shown in 
F ig . 1. 
The cr i t ica l feature of albumin structure is its 
organisation into three structural domains (Brown, 1975, 
1976, 1977). These domains correspond to residues 
(15) 
TABLE - I I I 
AMINO ACID COMPOSITION OF BOVINE SERUM ALBUMIN* 
Amino a c i d No. of R e s i d u e s 
Aspartic acid 41 
Asparagine 13 
Threonine 34 
Serine 28 
Glutamic acid 59 
Glutamine 20 
Proline 28 
Glycine 16 
Alanine 46 
Valine 36 
1/2 Cystine 35 
Methionine 4 
Isoleucine 14 
Leucine 61 
Tyrosine 19 
Phenylalanine 27 
Lysine 59 
Histidine 17 
Tryptophan 2 
Arginine 23 
Total 582 
* Taken from Brown and Shockley (1982). 
(16) 
F i g . l : Amino acid sequence of bovine serum (Brown and 
Shockley, 1982). Positions of disul f ide bonds are 
shown by ^ . Tr iangles indicate sites of c leavage 
by cyanogen bromide. Numbers 1-9 on the left 
indicate the nine double loops of the protein while 
the subdomains are represented by A, B and C in 
each doman on the r ight side and helices are 
designated as x , y and z . 
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AMINO ACID SEQUENCE OF BOVINE SERUM ALBUMIN 
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1-190, 191-382 and 383-582 (Brown, 1976). Each domain 
is further organised into three subdomains (two large 
and one smal l ) . Thus, the albumin molecule contains 
6 large and 3 small double loops (Brown, 1975). All 
except one ( f i rs t from amino terminus) of these loops 
are held together bydisul f ide bonds. The structural 
identity between the three domains is about 18-25% 
(Brown, 1976). I t is widely bel ieved that albumin 
molecule evolved from a protein of about 77 amino acid 
residues by four fold tendem gene duplication and one 
deletion (Brown, 1976; McLachlan and Walker, 1977). 
The single thiol group is at residue 34 inaport ion of 
chain which is not restrained by disul f ide bonds. The 
2 tryptophans of BSA are at residues 212 and 134. The 
distribution of some other amino acids is uneven, g i v ing 
distinct characteristics to di f ferent portions of albumin 
molecule. Asparagine and glutamine occur more 
frequently near the ends than in the middle. Tyrosine 
is heav i ly concentrated in loops 3 and 6 and the 
prolines occur at the tip of each large loop. The 
albumin molecule is not uniformly charged along its 
length. The domains I , I I and I I I of BSA have a net 
charge of -10, -8 and 0 respectively at pH 7.0. 
The knowledge of the structural features of each 
double loop is the key to understand the tert iary 
(18) 
structure of the whole albumin molecule which consists 
of a repeating structure of these loops. An interesting 
observation made by Brown (1978) was the occurrence of 
invar iant proline residues in the middle of the sequence 
enclosed by a disul f ide bond in al l the large loops. I t 
was proposed that the sequence enclosed by a disul f ide 
bond in a large loop primari ly contains a lpha-hel ica l 
structure and that its continuation is broken by the 
presence of invar iant prol ine. Thus each la rge loop 
may be considered to be composed of two a lpha-hel ica l 
structures of about 22 amino acid residues which are 
joined by a hairpin l ike structure at the tip of the 
loop. In addition to the two hel ical structures 
described, the segment joining the large loop to the 
small loop plus a portion of small loop is also proposed 
to exist in the form of a hel ical structure of about the 
same size as the two helices proposed in the large loop. 
This g ives a prominent three hel ix structural 
organisation in each subdomain. The three helices can 
be put together to form a trough l ike structure with 
clearcut inside and outside. I f the two subdomains are 
paired with hydrophobic forces together, they wi l l 
produce cy l inder ica l structures with a hydrophobic 
inter ior . This sort of arrangement is bel ieved to create 
some of the important l igand binding sites in albumin. 
(19) 
Denaturation : 
Serum albumin is a f a i r l y stable protein. 
However, native conformation of serum albumin is 
disrupted by exposure to extremes of pH, temperature 
and denaturants. The latter include urea and its 
der ivat ives , guanidine hydrochloride, SDS and organic 
solvents such as 2-chloroethanol, d-ioxane and 
propylalcohol. The thermal denaturation of albumin has 
beenstudied by several researchers (Warner and Levy , 
1958; Aoki et a l . , 1974; Roelands et a l . , 1974 ; Brandt 
and Andersen, 1976; Gumpen et a l . , 1979). Fatty acid 
binding seems to protect the protein from thermal 
denaturation (Gumpen et a l . , 1979). However, prolonged 
or intense heating causes i r revers ib le thermal 
denaturation of BSA (Roelands et a l . , 1974). The 
denaturation of albumin by anionic detergents causes 
the loss of hel ical structure in protein (Oakes and 
Cafe, 1973; Sogami et a l . , 1973; Jones et a l . , 1975; 
Ichikwa and Terada, 1981). However, certain cationic 
detergents produce l i t t le effect (Aoki and Hiramatsu, 
1974; Nozaki, et a l . , 1974), 2-chloroethanol increases 
the hel ical content beyond the usual 60% (Maes, 1976). 
The denaturation of albumin by urea and 
guanidine hydrochloride has been invest igated by a 
number of workers (Kauzman and Simpson, 1953; 
(20) 
McKenzie et al.,1955; Callaghan and Martin, 1962; Katz, 
1968; Lapanje , 1969; Gordon, 1972; Nakagaki and Sano, 
1972; Katz et a l . , 1973; Aoki et a l . , 1974; Kawaguchi 
and Matsushita, 1974; Lapanje and SKerjanc, 1974; 
Taylor et a l . , 1975; Creighton, 1979; Johanson et a l . , 
1981; Pav l ic and Lapanje , 1981; Chemlik and Kalous, 
1982; Khan et a l . , 1987). The denaturation process was 
followed by the measurement of optical rotation, 
intrinsic v iscosi ty , dilometry, circular dichroism, l ight 
absorption, l ight scattering and fluorescence. The 
denaturation process is reversible (Wal levik, 1973; Aoki 
et a l . , 1974) as indicated by the capacity of refolded 
protein to bind specif ic antibodies, b i l i rubin and 
palmitate. The denaturation pathway has been found to 
be very complex. Several workers have suggested that 
the denaturation of serum albumin is a two stage 
process but could not depict the intermediates c lear ly 
(Wal levik, 1973; Tanford et a l . , 1967 a and b; Aoki et 
a l . , 1974). 
Ligand binding characteristics: 
Albumin has a unique feature of binding a 
diverse set of compounds d i f f e r ing in structure and 
chemical properties (Peters, 1970, 1975, 1980, 1985). 
Due to la rge number of these compounds it is not 
(21) 
log ica l to presume that albumin has the same number of 
binding sites. Albumin binds several inorganic ions 
l ike 
and Al^ "^ ( Pedersen, 1978; Hilak et a l . , 1974; Sarkar,1983; 
Shaw, 1979; Trapp, 1983). Organic compounds of var ied 
structure and properties also bind to albumin (Andersen 
and Weber, 1969; Ghiggeri and Queirolo, 1985; 
Brodersen, 1979a; Roda et a l . , 1982). Among the 
organic compounds the negat ive ly charged molecules 
(anions) are predominantly bound to albumin (Spector, 
1965; Spector and Fletcher, 1978; Brodersen, 1979a; 
Lamola and Asher, 1981; Hsia and David, 1982). These 
include some physio log ical ly important l igands l ike 
b i l i rubin, fa t ty acids, etc. and a l a rge number of 
extraneous drugs which bind to alubmin upon their 
entry into the blood circulation (Brodersen, 1974; 
Brodersen and Ebbesen, 1983; Brodersen, et a l . , 1983; 
Honore and Brodersen, 1984; Brodersen et a l . , 1984; 
Peters, 1985). Some of the drugs are : ampici l l in, 
war far in , diazepam, digitoxirr , sa l icy l ic acid, 
dapsones, sulfanomides, morphine and phenylbutazone 
(Brodersen, 1974, Brodersen et a l . , 1977; Brodersen, 
1978; Walker, 1987; Bos et a l . ,1988) . Many organic 
dyes also bind to serum albumin. They include methyl 
red (Burkhard, et a l . , 1961), phenol red (Rodkey, 1961), 
(22) 
bromocresol green (Rodkey, 1964), bromophenol blue 
(Bjerrum, 1968), evans blue (Freedman and Johanson, 
1969), Congo red (Peters, 1970) and anil ino napithalene 
sulfonate (Anderson and Weber, 1969; Kolb and Weber, 
1975). Other b io log ica l ly important compounds which 
bind the albumin are: tryptophan (Ful ler and Roush, 
1973; Canningham et a l . , 1975; Jabeen and Haleem, 
1980), folate (Soliman and Olessen, 1976), 
catecholamines (Powis, 1974), lysolecithins (Nakagawa 
and Nishida, 1983; Gul and Smith, 1974), steroid 
hormones (Ryan, 1973; Romeu et a l . , 1975; Basset et 
a l . , 1977), prostaglandins (unger, 1972; Gueriguian, 
1976; Hamberg and Fredholm, 1976), thyroxine (Okabe et 
a l . , 1975; Bernard et a l . , 1979). Albumin also binds 
to cibacron blue (Ghiggeri and Queirolo, 1985) which 
has been exploited in the isolation and puri f icat ion of 
serum albumin by aff initychromatography on cibacron 
blue-Sepharose column. 
The binding of these l igands to albumin and the 
role of albumin in pharmacokinetic distribution of 
various drugs has been studied throughout the last two 
decades (Sjoholm and Ljungstedt, 1973; Brodersen, 1974, 
1978; Jacobsen, 1976, 1978; Sjodin et a l . , 1977; Pedersen 
et a l . , 1977; HTkal et a l . , 1978; Fehski et a l . , 1979; 
Sjoholm and Stjerna, 1981; Reed and Bacharch, 1983; 
(23) 
Larsen,1985; Reed, 1986; Lightener et a l . , 1986; Cistola 
et a l . , 1987 a and b; Honore, 1987; Matsushita et a l , , 
1987; Robinson and Rapoport, 1987; Tayyab and Qasim, 
1987; Walker, 1987; Bos et a l . , 1988). These studies 
have contributed a lot towards our understanding of 
these interactions at molecular leve l » in the 
identi f icat ion of binding sites and in understanding the 
role of albumin in the transport of these compounds 
under physiological and several pathological conditions. 
I t has been proposed by Sjoholm et a l . , (1979) that 
there are at least three distinct binding sites 
on albumin each of which binds a large number of 
structurally related compounds. 
The most studied binding sites on albumin are 
those of fatty acids and b i l i rubin. The reason 
obviously is that both of these l igands are 
physio log ical ly important and are transported in the 
blood in the form of complexes with albumin. 
Circulating albumin carries 0.5-2.0 mol of fat ty acids 
per mol of albumin, although in v i tro albumin has been 
demonstrated to be capable of binding as many as 6 mol 
of stearate, 7 mol of palmitate and 8 mol of oleate 
(Spector, 1965). It is bel ieved that albumin molecule 
contains fatty acid binding sites of decreasing capacity 
(Spector and Fletcher, 1978). Earl ier studies using 
(24) 
fluorescence energy transfer, induced circular dichroism 
and EPH spectroscopy (Berde et a l . , 1979) have revealed 
that the f i rst two fatty acids bind in an ant ipara l le l 
fashion in domain I I I of HSA. The two fat ty acids are 
located at a distance of 23 and 25 A° from the 
tryptophan at position 214 of HSA. Recent studies with 
BSA using a f f in i t y labe l l ing and nuclear magnetic 
resonance spectroscopy (Reed, 1986; Cistola et a l . , 1987 
a and b ) have established the presence of two strong 
binding sites in COOH-terminal half of albumin and a 
somewhat weaker site in the NH2-terminal hal f . 
Bilirubin-albumin interaction: 
The binding of b i l i rubin to albumin has been 
studied in detai l by a l a rge number of researchers 
part icular ly by Brodersen and his group (Jacobsen, 
1969; Pedersen, et a l . , 1977; Brodersen, 1974; 
Brodersen, 1978, 1979a; Jacobsen and Brodersen, 1983; 
Honore, 1987; Sato et a l . , 1988). Free b i l i rubin is 
toxic but is rendered nontoxic when it binds to albumin 
(Brodersen, 1979a). In order to local ize the binding 
sites of b i l i rubin on albumin, the bi l irubin-albumin 
interaction was studied with various proteolytic 
fragments of BSA. Out of the twelve fragments used, 
only three namely P-13 (1-306), P-44 (1-385) and P-14 
(25) 
(186-306) were able to interact with bi l i rubin (Reed et 
a l . , 1975). However, the largest trypt ic fragment T-23 
(239-306) shows no evidence of a strong bi l i rubin 
binding site. Al l of these fiagments have a sequence of 
106-238 in common and for this reason i t was proposed 
that primary binding site resides in this region. 
Jacobsen (1969) proposed that albumin has a strong 
8 - 1 binding site (K = 1.4 x 10 M ) and two re la t i ve ly 
di 
weaker sites (K = 5 x 10^ M ) for b i l i rubin. Under 
physio logical conditions, the concentration of b i l i rubin 
is low and even the primary binding site is not fu l l y 
saturated. In hyperbil irubinemic neonates, however, 
the primary site may be completely saturted. The 
second and third binding sites are not strong enough to 
prevent the entry of free b i l i rubin into the brain, 
where its deposition ultimately causes development of 
Kernicterus (Brodersen, 1979a). Thus it may be 
surmised that these two binding sites p lay an 
ins igni f icant role ( i f any) in the dextoxi f icat ion of 
b i l i rubin which 
may be the reason for the l i t t le 
attention given to these secondary binding sites. 
In order to investigate the role of amino acids 
which are cr i t ica l in this interaction, several chemical 
modification studies were performed. Jacobsen (1972) 
proposed that arginine, histidine and tyrosine residues 
may be more important in this interaction at the 
(26) 
primary binding site. Later Jacobsen (1976) focussed 
his attention on the involvement ocf lysine residues in 
this interaction. His proposal was substantiated by 
Roosdorp et a l . , (1977) by performing modifications with 
N-acetyl imidazole. However > their conclusion is not 
convincing for two reasons. F i rs t ly , they did not take 
into account the conformational changes which occur in 
the protein during chemical modification (Tayyab and 
Qasim, 1986) and secondly, the reversal of the c ircular 
dichroic properties which they had taken to indicate 
abolition of bi l i rubin binding is in fact even observed 
without any change in the binding a f f in i t y of b i l i rubin 
(Blauer et a l . , 1972). Jacobsen (1978) used a novel 
approach of covalently coupling b i l i rubin to primary 
binding site. These studies not only implicated a 
lysine residue at the primary binding site but also 
ident i f ied the position of this lysine residue (Lys-240) 
in the primary structure of HSA. Reed and Peters 
(unpublished results, see Peters 1985) have l inked 
bi l i rubin covalently at the primary binding site of BSA 
by using Woodward's reagent K. After coupling they 
determined the position of covalently l inked bi l i rubin 
and found it to be local ized in the fragment containing 
residues 184-306. Sequence studies using Edman 
degradation performed upto residue 211 could not reach 
(27) 
the labe l (Peters, 1985). These and ear l ier results 
suggest that bi l i rubin binding site is probably located 
in the stretch of BSA containing residues 211-238. 
Further bi l i rubin photocoupled to HSA has been 
recovered in the peptide 187-393 (Jori et a l . , 1980). 
The highly react ive Lys-220 is readi ly label led with 
N-dansylaz ir id ine and dansylchloride. Since this 
coupling is blocked by bi l i rubin it was proposed 
(Peters, 1985) that this residue may be involved in 
albumin-bil irubin interaction. Most of these studies 
have been carr ied out with HSA. On the basis of the 
close sequence homology between BSA and HSA, it is 
presumed that results obtained with one protein may be 
appl icable to other also. However, because of subtle 
differences in primary structure of the two proteins, they 
may d i f f e r in their a f f in i ty as well as mechanism of 
interaction with b i l i rubin. The amino acid residue 
inHSA homologous to Lys-220 of BSA is Arg-222. Whereas 
Lys-240 equivalent of HSA in BSA is Lys-239. Brown 
and Shockley (1982) have questioned the va l id i t y of the 
conclusions derived bj/Jacobsen (1978), on the basis of 
inconsistencies in the recovery of the label led 
der ivat ives . Recently, Reed and MacKay (1985) on the 
basis of a f f in i t y labe l l ing of HSA have suggested that 
(28) 
Lys-195 is involved in this interaction. Thus there is 
a contradiction regarding the position of lysine (or 
Arg ) residues involved in bi l i rubin-albumin interaction. 
In spite of the uncertainties and inconsistencies 
in the ear l ier results regarding the identity of lysine 
res idue (s ) , i t is general ly bel ieved that one or two 
lysine residues are involved in this interaction. The 
evidence for the same not only comes from the above 
mentioned studies but also from indirect conclusions 
derived from ionic strength and temperature dependence 
of this interaction. Had hydrophobic interactions been 
responsible for this interaction, there would have been 
an increase in a f f in i t y with increase in ionic strength 
and temperature. In fact a reverse situation occurs 
when the ionic strength and temperature are increased 
(Jacobsen, 1977) which may suggest that binding of 
bi l i rubin at primary binding site is driven by strong 
enthalpic forces and hydrophobic interactions cannot be 
the main binding forces. These reports are consistent 
with.th-e results of Brodersen (1979b) who performed 
detailed studies on the solubil i ty of b i l i rubin and found 
that b i l i rubin has a poor solubil i ty in apolar solvents. 
The low solubi l i ty of bi l i rubin in aqueous solutions 
was attributed to the intramolecular hydrogen bonding 
(29) 
in this l i gand, leav ing no polar groups ava i lab le for 
interaction with water molecules. When bi l i rubin binds 
at the primary binding site in albumin, s igni f icant 
geometrical changes occur in bi l i rubin molecule 
invo lv ing rotation of the dipyrrole halves of the 
molecule. Jacobsen and Brodersen (1983) proposed that 
the bi l i rubin molecule exists in a more expanded 
conformation at its binding site. The normal hydrogen 
bonded pattern is lost (Lightener et a l . , 1986) and 
probably the two negative charges contributed by 
carboxyl groups of b i l i rubin are neutralized by two 
posit ive charged groups of albumin. 
The mechanism of bi l irubin-albumin interaction 
at molecular leve l has not been studied in detai l . 
Jacobsen and Brodersen (1983) studied the kinetics of 
interaction of b i l i rubin, xanthobil irubin and 
mesobilirubin with albumin. The outcome of this study 
was the f inding that this interaction is biphasic 
invo lv ing a fast step followed by slow re laxat ional 
changes which last for a period of about 500 sec. The 
molecular events of the f i rs t step are unknown. 
However 7 in the second phase, several conformational 
changes are bel ieved to occur in albumin molecule 
invo lv ing rotation of one half domain of albumin, 
binding one pyrrole r ing of bi l i rubin re lat ive to the 
(30) 
another half domain to which second chromophore of 
bi l i rubin is bound. Such conformational changes have 
also been observed recently by Honore (1987). The 
bi l i rubin binding site has been proposed to be located 
between subdomains IC and 2 AB (Brodersen, 1979a), 
which would involve the rotation of these subdomains 
re lat ive to each other (see F ig . 2 ) . This rotation f ixes 
the two halves of b i l i rubin dianion at a specif ic 
dihedral angle resulting in change of exciton spl i tt ing 
and the chira l i ty of b i l i rubin molecule. The latter is 
responsible for the strong cotton ef fect seen in 
bi l irubin-albumin complex at pH 8,0 (Hermatz and 
Blauer, 1975). On this basis, it appears that probably 
bi l i rubin binds " loosely" at the surface of the protein 
near the primary binding site which may be fol lowed by 
opening ofa hydrophobic pocket in which the bi l i rubin 
molecule slides and reaches its primary binding site in 
the protein interior (Tayyab and Qasim, 1987). 
Inrespective of the fact that the model proposed by 
Brodersen (1979a) explains some of the experimental 
observations it fa i l s to answer several other f indings. 
The kinetic events taking place in the fast step, the 
spatial distribution of amino acids at the binding site 
and the arrangement of subdomains before and after 
(31) 
B i l i r u b i n I 
Fatty acid l+IT 
Bilirubin II 
Fig .2 Hypothetical model for the arrangement of six half 
domains of albumin i l lustrat ing the formation of 
b i l i rubin and fatty acid binding sites (Taken from 
Brodersen, 1979a). 
(32) 
bi l i rubin binding need further invest igat ion. 
Chemical modification studies: 
Chemical modifications have widely been used to 
understand structure function relat ionship, catalyt ic 
properties and l igand binding characteristics of proteins 
(Glazer, 1970; Glazer et a l . , 1975; Means and Feeney, 
1971; Stark, 1970; Habeeb, 1971; Spande et a l . , 1970). 
Extensive acylation of lysine residues of proteins have 
been performed ear l ier with an aim to understand the 
influence of such modifications on physicochemical and 
biological properties of proteins (Habeeb and Atassi, 
1970; Jonas and Weber, 1970; Nakagawa et a l . , 1972; 
Khan and Surolia, 1982; Ansari et a l . , 1975; Tayyab 
and Qasim, 1986). However, so far no attempt has been 
made to modify the buried lysine residues of a protein. 
Previous studies of succinylation of BSA from this 
laboratory (Tayyab and Qasim, 1986) suggested that BSA 
contains about 50% exposed, 37% par t ia l l y exposed and 
13% buried ( inaccessible) lysine residues which could 
not be succinylated. None of the exposed and par t ia l l y 
exposed lysines was implicated in bi l i rubin binding. I t 
was suggested that one or two of the buried lysines 
(about 8 residues) may be involved in the 
(33) 
albumin-bil irubin interaction (Tayyab and Qasim, 1987). 
Moreover, the previous attempts to assess the role of 
lysine residues in this interaction employed chemical 
modifications which caused s igni f icant conformational 
changes in the protein molecule thereby making the 
interpretation of data d i f f i cul t and uncertain. In this 
study I have chosen f i v e modifying reagents which 
introduce modifying groups of var ied structure and 
properties. 
The strategy involved in the modification of 
buried lysine residues is to f i rs t modify the exposed and 
par t ia l l y buried lysine residues by a modifying reagent 
which can later be removed after the second 
modification under mild conditions. In this study the 
lysine residues of BSA were f i rs t modified by an excess 
of citraconic anhydride. Next the citraconylated 
albumin was separately modified by acetic anhydride, 
potassium cyanate, 0-methylisourea and succinic 
anhydride (see F ig . 3 ) . F inal ly the citraconyl groups 
were removed under mild conditions in which acetyl , 
carbamyl, guanidyl or succinyl groups were retained on 
the protein. The physiocochemical properties and 
bi l i rubin binding characteristics of these der ivat ives of 
BSA are described in this thesis. 
(34) 
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Fig .3: Reaction of protein amino groups with dif ferent 
modifying reagents. The dif ferent reactions are: (1) 
Acetylation (2) Carbamylation (3) Citraconylation (4) 
Guanidination (5) Succinylation. For details, see 
experimental section. 
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A. MATERIALS: 
1. Proteins and enzymes: 
Bovine serum albumin, fract ion v ( lot No. 61 
F-0210), ovalbumin (lot No. 23F-8175), porcine gamma 
globulin (lot No. 23F-9315), chymotrypsinogen A (lot No. 
l l lF -8055) , TPCK-treated trypsin (lot No. 66F-8135) and 
TLCK-treated chymotrypsin (lot No. 75F-8025) were 
purchased from Sigma Chemical Company, U.S.A. 
2. Reagents used in chemical modification: 
Citraconic anhydride, methylisourea and 
trinitrobenzene sulfonic acid (TNBS) were obtained from 
Sigma Chemical Company, U.S.A. Acetic anhydride, 
succinic anhydride, ninhydrin and sodium laury l sulfate 
(SDS) were purchased from BDH, England. Potassium 
cyanate was a product of Koch-Light Laboratories L td . , 
England. Methyl cellusolve and ascorbic acid were from 
E. Merck, Germany. 
3. Chromatographic materials: 
Sephadex G-200 and blue dextran-2000 were 
purchased from Pharmacia Fine Chemicals, Uppsala, 
Sweden, Sephacryl S-300 with a bead diameter of 40-105/' 
(38) 
( lot NO.61F-0386) was obtained from Sigma Chemical 
Company, U.S.A. 
4. Reagents used in electrophoresis: 
Reagents used in po lyacry lamide gel 
electrophoresis and Immunoelectrophoresis with their 
sources in parantheses were: acry lamide, r i bo f l a v in and 
amidoschwarz lOB (E. Merck, Germany), N,N ' -methylene 
b is -acry lamide (Koch-Light Laborator ies , Eng land ) , 
N ,N,N ' ,N ' - te t ramethy le thy lened iamine (TEMED) and 
dimethyldichlorosi lane (BDH, Eng land ) , bromophenol blue 
( P .P .H , Po land ) , ammonium persul fate , g l yce ro l , sucrose 
and g l a c i a l acetic acid (BDH, I n d i a ) , g l yc ine (Chemapol 
Praha, Czechos lovakia ) , sodium diethyl barbi turate 
(Hopkin and Wil l iams, England) and agar agar ( S .R . L . , 
I nd i a ) 
5. Other reagents: 
Bi l i rubin ( lot No. 37F-0564) was purchased from 
Sigma Chemical Company, USA. Urea (Ana lar g r ade ) , 
hydroxylamine hydrochlor ide and sodium azide were 
purchased from Sarabhai M. Chemicals, Ind ia , 
Loba-chemie, Ind ia and Fluka, Switzerland respec t i ve l y . 
Ana ly t i ca l grade samples of the fo l lowing 
chemicals were used: sodium chlor ide, monobasic and 
(39) 
dibasic sodium phosphate, sodium bicarbonate, sodium 
acetate, sodium tungstate, sodium hydroxide, sodium 
carbonate, ammonium sulfate, ammonium molybdate, 
copper sulfate, ethylenediaminetetraacetic acid, lithium 
sulfate, methanol, potassium permanganate, potassium 
ferr icynide , potassium dichromate, potassium sodium 
tartarate, potassium hydrogen phthalate, glucose, 
orthophosphoric acid, l iquid bromine, hydrochloric acid 
and sulfuric acid. 
6. Miscellaneous: 
Standard buf fer tablets of pH 4.0, 7.0 and 9.2 
were obtained from Glaxo Laboratories, Ind ia . Dialysis 
sacks of di f ferent widths were purchased from Sigma 
Chemical Company, U.S.A. Mil l ipore f i l t e rs (pore size 
0.45 ^M and 25 mm diameter were obtained from Mill ipore 
Corporation, Maryland, U.S.A. Rabbits weighing 1.5-2.0 
kg were used for immunization purposes. Solid glass 
beads (5 mm diameter) were from Kimble Resistant Glass, 
U.S.A. 
All g lass dist i l led water was used throughout 
this study. 
(40) 
B. METHODS: 
1 • pH Measurements: 
Measurements of pH were carried out on a Control 
Dynamics d ig i ta l pH meter (model APX 175 E/C). Before 
the measurements, pH meter was cal ibrated by using 
standard buffers of pH 7.0 and pH 4.0 or pH 9.2. 
2. Optical measurements: 
Light absorption measurements in the ultravio let 
as well as v is ib le region were performed on a Shimadzu 
double beam spectrophotometer (model UV-150-02). Silica 
and glass cuvettes of 1 cm path length were used for 
the measurements in UV and v is ib le region respect ive ly . 
Fluorescence measurements were performed on a Shimadzu 
Spectrofluorophotometer (model RF-540) equipped with a 
data recorder (model DR-3), using quartz cells of 1 cm 
path length. 
3. Determination of protein concentration: 
Protein concentration was determined either by 
the method of Lowry et al* (1951) using bovine serum 
albumin as standard or by spectrophotometric method. 
(41) 
( a ) Method of Lowry et a l : 
This method involves the use of two reagents, 
namely, Folinphenol reagent and copper reagent which 
were prepared as fol lows: 
( i ) Preparation of Folin-phenol reagent: 
This reagent was prepared according to the 
method recommended by Folin and Ciocalteu (1927). To 
a two l i t re f la t bottomed f lask, wrapped with a black 
paper were added 100 g of sodium tungstate, 25 g of 
sodium molybdate, 50 ml of 85% orthophosphoric acid, 
100 ml of 11.4 N hydrochloric acid and 700 ml of 
water. The mixture was ref luxed for about 10 hours. 
This was followed by addition of 150 g of lithium 
sulfate, 50 ml of water and a few drops of l iquid 
bromine. The mixture was heated without condenser for 
30 minutes to remove excess bromine. After cooling, 
total volume was made upto 1 l i tre with water. This 
stock solution was f i l tered and stored in an amber 
colored bottle. The reagent was diluted four times 
with water before use. 
( i i ) Preparation of copper reagent: 
Stock solution of 4% (w/v) sodium carbonate, 4% 
(w/v) sodium potassium tartarate and 2% (w/v) copper 
sulfate were prepared. The solutions were mixed in the 
(42) 
ratio of 100:1:1 respect ive ly . The reagent was f i l tered 
before use. 
( i i i ) Procedure: 
An appropriate volume of the protein solution 
in the range of 0.1-1.0 was taken in a test tube and 
the total volume was made 1 ml by adding water or an 
appropriate buf fer . The 5 ml of f reshly prepared copper 
reagent was added and mixed wel l . After 10 minutes, 1 
ml of Folin-phenol reagent was added and the contents 
were mixed thoroughly. Color intensity was recorded 
after 30 minutes at 700 nm against a blank prepared in 
the same way except that the protein was replaced by 
water or buf fer . 
( b ) Spectrophotometric method: 
The absorbance of protein solutions at 279 nm was 
recorded against a suitable blank. The protein 
concentration was calculated from the absorbance values 
1% 
by using the specif ic extinction coeff ic ient value (E 
at279 nm) of the part icular protein. 
1% N 
4. Determination of specific extinction coefficient (Ej^^^) 
The protein solutions were dialysed extensively 
against sodium phosphate buf fe r , pH 7.0, I = 0.15. 
(43) 
Measured volumes of the dialysed protein solutions and 
last dialysate were taken in preweighed weighing bottles 
and their weights were recorded. Each of the, protein 
solution and dialysate was taken in t r ip l icate . The 
solutions were kept for drying in hot air oven 
maintained at 102-105°C t i l l the weights were constant. 
The net weight of the protein residue was obtained by 
subtracting the weight of dialysate residue from the 
weight of protein residue. Absorbance at 279 nm was 
recorded for protein solutions of known concentration ( in 
the range of 0.4-2.0 mg/ml) . The values of extinction 
coeff icients were determined from the slope of the plot 
between protein concentration (g/100 ml) and absorbance 
at 279 nm for BSA and its modified forms. 
5. Gel Chromatography: 
About 20 g of Sephadex G-200 was suspended in 1 
l i t re of water. As recommended by Pharmacia, the 
complete swell ing was achieved by keeping the gel in a 
boi l ing water bath for f i v e hours. After complete 
swel l ing, the f ine part icles of the gel were removed by 
decantation. This process was repeated several times 
t i l l the gel was free from f ines. Before packing, a 
glass column (about 100 cm in length) was thoroughly 
(44) 
washed with detergent, chromic acid and f ina l l y with 
water. Then it was mounted in a ver t i ca l , sturdy and 
vibrat ion free posit ion. The narrow bore outlet of the 
column was connected to a small latex tubing attached 
with a screw stopcock for regulation of the flow rate. 
The radius of the column was determined at three 
di f ferent places of the column. Volumes of water 
corresponding to 3 cm height in the column were 
collected in three preweighed weighing bottles. The 
volume of water (V) corresponding to the height (h ) of 
3 cm was thendetermined by d iv id ing the weight (w ) of 
water by its density (d ) at the part icular temperature. 
The radius of the column ( r ) was calculated as fol lows: 
V = 7[ ^ (1) 
TT r^ h = w/d (2) 
v/w/d A h (3) 
The total volume of the column was calculated bythe 
fol lowing equation: 
V^ = 7T r^ h (4) 
where h denotes the total bed height of the column. 
(45) 
A small amount of glass wool previously boiled 
in water was placed at the bottom of the column and 
its surface was covered with a layer of g lass beads. 
One third volume of the column was f i l l ed with the 
operating buf fer . Then the gel s lurry was slowly 
poured into the column with the help of a glass rod. 
The gel was le f t to settle under g rav i t y overnight at 
room temperature. When the gel formed a smooth 
surface the column was operated with a flow rate of 5 
ml per hour. As the gel settled down the f low rate 
was gradual ly increased to a value higher than that to 
be employed during operation. The gel bed was 
stabi l ized by passing three bed volumes of sodium 
phosphate buf fer , pH 7.0, I = 0.15 containing 0.02% 
sodium azide. Another Sephadex G-200 column (76 x 
1.75 cm) used for analyt ica l purposes was also packed 
in the same fashion. 
During the sample application the eluent above 
the column bed was drained off and then the sample 
was appl ied on the column. The stopcock was then 
opened slowly and the sample was allowed to pass down 
the upper surface of the ge l . When a l l the protein 
sample had passed into the gel the eluent buf fer was 
applied and elution was performed with a flow rate of 
15 to 25 ml per hour. Fractions of 2-5 ml were 
(46) 
collected which were monitored by the method of Lowry 
et a l . (1951), 
The homogeneity of packing of the column was 
checked by passing a band of 0.2% solution of blue 
dextran-2000 through the column. The elution volume 
(V ) of the blue dextran yie lded void volume (V ) of the e o 
column. The internal volume (V^) of the column bed was 
obtained by subtraction of the void volume from the 
elution volume of potassium ferr icyanide or glucose 
(Andrews, 1970). Sephadex G-200 column (76 x 1.75 cm) 
was cal ibrated by elution of marker proteins of known 
hydrodynamic parameters. The void volume of the 
column was frequently checked during cal ibrat ion. 
Marker proteins used for cal ibrat ion with their Stokes 
radi i in parentheses were: chymotrypsinogen-A (2.24 
nm), ovalbumin (2.72 nm), bovine serum albumin 
monomer (3.55 nm) and bovine serum albumin dimer (4.3 
nm) (Andrews, 1970). 
6. Polyacrylamide gel electrophoresis: 
Polyacrylamide gel electrophoresis was performed 
in t r is -g lyc ine buf fer , pH 8.2, I = 0.15 according to the 
method of Davis (1964). The gel tubes (10 x 0.4 cm) 
were washed with detergent solution, chromic acid and 
then with dist i l led water. After dry ing , the tubes 
(47) 
were si l iconized with a solution of 5% (w/v) 
dimethyldichlorosilane in chloroform. Then the tubes 
were f ixed ver t i ca l l y in a polymerizing stand. A small 
pore solution was prepared which contained 7% (w/v) 
acrylamide, 0.18% (w/v) N, N'-methylene bis-acrylamide, 
0.03% ( v/v ) N,N,N' ,N'tetramethylethylenediamine (TEMED}) 
and 0.07% (w/v) ammonium persulfate. To each tube 2 
ml of small pore solution was added and the surface of 
small pore solution was care ful ly layered with a few 
drops of water. After 30 minutes of polymerization at 
room temperature, water was removed by invert ing the 
tubes. Then 0.2 ml of the large pore solution 
containing 2.5% (w/v) acrylamide, 0.62% (w/v ) , N,N ' 
methylene bis-acrylamide, 0.06% ( v/v ) TEMED, 0.001% 
(w/v) r ibo f lav in and 20% (w/v) sucrose was poured into 
each tube and the surface was again covered with a few 
drops of water. The solution was photopolymerized 
under fluorescent l ight for 20 minutes. After 
polymerization, the water layer was removed and the gel 
surface was rinsed with sample buf fe r . For sample 
preparation, 200 ^g protein was taken in about 0.1 ml 
of buf fer and 1-2 drops of g lycerol were added to i t . 
The gel tubes were then f i t ted in a Scientronic 
electrophoresis assembly. About 60 of the sample was 
applied and the empty space in the tubes was 
( 48 ) 
care ful ly f i l l ed with electrophoresis bu f f e r . A few 
drops of 0.01% (w/v) bromophenol blue solution were 
added in the upper chamber and then the tubes were 
completely dipped in the electrophoresis buf fer . An 
anodic current of about 4-5 mA per ge l tube was 
passed for 2-3 hours. After electrophoresis was 
complete, the gels were taken out from the tubes and 
stained for half an hour in 1% (w/v) amidoschwarz 
solution prepared in 7% ( v/v ) acetic acid. Destaining 
was performed mechanically in 7% ( v/v ) acetic acid at 
37°C. The re lat ive mobility was obtained by d iv id ing 
the distance trave l led by the protein band by that of 
dye band. 
7.. Preparation of bovine serum albumin monomer: 
Bovine serum albumin monomer was puri f ied by 
gel f i l t rat ion of commercial BSA preparation on 
Sephadex G-200 column (90 x 2.86 cm) equi l ibrated with 
sodium phosphate buf fer , pH 7.0, I = 0.15 containing 
0.02% sodium azide. Throughout this study, this 
monomeric preparation was used and wi l l be termed BSA 
hereafter . 
8. Preparation of half cysteinyl BSA: 
BSA (7.32 g ) was treated with 84.12 mg of 
( 49 ) 
L-cystein in O.IM tris-HCI, buf fer , pH 7.96 for 17 hours 
at room temperature (King and Spencer, 1970). After 
this treatment the protein was dialysed against 0.1 M 
sodium phosphate buf fer , pH 7.7 containing 0.02% 
sodium azide. 
9. Chemical modification of BSA: 
( a ) Citraconylation: 
Citraconylation of BSA was performed by the 
method of Butler and Hartley (1972). Aliquotes of 
citraconic anhydride were added to BSA (0.091 m moles) 
dissolved in 200 ml of 0.1 M sodium phosphate buf fer , 
pH 7.7 so that a molar ratio of 200 was obtained 
between citraconic anhydride and BSA. The reaction 
mixture was constantly stirred with the help of a 
magnetic s t i r rer . The reaction was performed at room 
temperature (25°C) and the pH was maintained in the 
range 7.6 - 7.8 by continuous addition of 5 M sodium 
hydroxide. The reaction was complete in about 45 
minutes after which no pH changes occurred • 200 mg of 
this citraconylated BSA (Cit-BSA) preparation was 
further treated with 500 molar excess of citraconic 
anhydride in the same way as described above and the 
rest of Cit-BSA was div ided into four equal portions. 
The twice citraconylated der ivat ive was then extensively 
( 50 ) 
dialysed against sodium phosphate buf fer , pH 7.0, I = 
0.15 and stored at -20°C. 
(b ) Succinylation: 
To the f i rs t portion of Cit-BSA (from step 9a) was 
added 500 molar excess of succinic anhydride (Klotz, 
1967) with constant s t i r r ing . The pH was maintained 
in the range 7.5-7.7 by addition of 3 M sodium 
hydroxide. The reaction was performed at 4°C and was 
complete in 30 minutes. After the completion of 
reaction, the modified protein thus prepared was 
dialysed against sodium phosphate buf fer , pH 7.0, I = 
0.15. 
(c ) Acetylation: 
The second portion of Cit-BSA was carbamyMti6;dd 
according to the method of Stark (1967). Carbamylation 
reaction was performed by adding potassium cyanate to 
Cit-BSA preparation to a f ina l concentration of 0.5 M. 
The reaction was performed at room temperature and at 
pH 7.7 for 2 hours. The protein was then dialysed 
against sodium phosphate buf fer , pH 7.0, I = 0.15. 
(d ) Carbamylation: 
The third portion of Cit-BSA was carbamylated 
( 51 ) 
according to the method of Stark (1967). 
Carbamylation reaction was performed by adding 
potassium cyanate to Cit-BSA preparation to a, f ina l 
concentration of 0.5 M. The reaction was performed at 
room temperature and at pH 7.7 for 2 hours. The 
protein was then dialysed against sodium phosphate 
buf fer , pH 7.0, I = 0.15. 
(e ) Guanidination: 
The last portion of Cit-BSA was treated with 0.5 
M methylisourea at 4°C. The reaction was carried out 
at pH 10.5 (Kimmel, 1967) for 96 hours with occasional 
pH adjustments. The reaction was stopped by the 
addition of an equal volume of 1 M sodium phosphate 
buf fer , pH 5.0. The protein der ivat ive thus obtained 
was dialysed against sodium phosphate buf fer , pH 7.0, 
I = 0.15. 
10. Decitraconylation: 
The removal of citraconyl groups from completely 
citraconylated and hybrid BSA preparations was 
carried out as described by Atassi and Habeeb (1972). 
The modified BSA der ivat ives were dialysed against 
0.05 M sodium acetate buf fer , pH 3.5. The d ia lys is 
was carr ied out for 96 hours at 4°C with intermittent 
changes of the d ia lysate . After decitraconylation, the 
proteins were dialysed against sodium phosphate buf fer , 
pH 7.0, I = 0.15. 
(52) 
11. Quantification of modification: 
The extent of modification of free amino groups 
per molecule of BSA was quanti f ied by treatment with 
trinitrobenzene sulfonic acid (TNBS) as described by 
Habeeb (1966) or by ninhydrin reaction (Moore and 
Stein,1954) . 
( a ) Reaction with TNBS: 
To 1 ml of protein solution (nat ive or modified 
BSA) containing 0.1-1.0 mg protein per ml were added 
1 ml of 4% (w/v) sodium bicarbonate and 1 ml of 0.1% 
TNBS solution (w/v) in water. The mixture was 
incubated at 40°C for 2 hours. Then 1 ml of 10% 
(w/v) SDS (sodium dodecyl sul fate ) solution was added 
to solubil ize the protein and prevent its precipitat ion 
on the addition of 0.5 ml 1 N hydrochloric acid. The 
color intensity was recorded after 10 minutes at 335 nm 
against a blank treated as above except that it 
contained 1 ml of water instead of the protein 
solution. The extent of modification was calculated 
from the straight l ine plots between amount of protein 
( in mg) and absorbance at 335 nm for the unmodified 
and modified BSA preparations by using the fol lowing 
equation: 
Percent modification = 100 (1-m/m ) (5) o 
where m and m^ represent slopes of straight l ines 
(53) 
obtained for modified and unmodified BSA. 
(b ) Ninhydrin reaction: 
This method involves the fol lowing steps: 
( i ) Preparation of hydrindantin: 
Hydrindantin was prepared by reducing ninhydrin 
with ascorbic acid as descr ibed by Moore and Stein 
(1954). 
( i i ) Preparation of ninhydrin re agent: 
300 mg of ninhydrin and 100 mg of hydrindantin 
were dissolved in 76 ml of methylcellusolve and the 
volume was made upto 100 ml with 4 M sodium acetate 
buf fer , pH 5.5. This reagent was stored in an amber 
colored bottle at 4°C. 
( i i i ) Procedure: In a series of tubes, d i f ferent amounts 
of protein (0.1 - 1.0 mg) were taken and the volume 
was made upto 1 ml with water, 1 ml of 4 M sodium 
acetate buf fer pH 4.5 and 1 ml of ninhydrin reagent 
were added to each tube. The tubes were placed in a 
boi l ing water bath for exact ly 20 minutes. After that 
the tubes were cooled under tap water and the contents 
were diluted with 5 ml of 50% ethanol (Ansari et 
al . ,1975). The contents were f i l tered and the color 
intensity was read at 570 nm against an appropriate 
blank. Absorbance values at 570 nm were plotted 
(54) 
against protein concentration and the data were 
analysed by least squares method. The extent 
ofmodification was determined by using equation 5. 
12. Estimation of tyrosine modification: 
The number of tyrosine residues modified during 
chemical modification of BSA was determined by the 
method of Riordan and Vallee (1967b). Modified BSA 
was treated with 1 M hydroxylamine at pH 7.5 for 15 
minutes and the increase in absorbance at 278 nm due 
to deacylation of 0-acyl tyrosine residues was 
measured. The number of tyrosyl residues modified (N) 
was computed from the equation: 
N = X M / 160 X C (6) 
where M is the molecular weight of the protein, C is 
the protein concentration in mg/ml, is the increase 278 
in absorbance due to deacylation of one mole of 0-acyl 
tyrosyl residues. 
13. Ultraviolet spectral measurements: 
The ultravio let absorption spectra of native and 
modified BSA preparations were recorded in sodium 
phosphate buf fer , pH 7.0, I = 0.15 at room temperature 
( ^ 28°C). The scattering corrections were made by 
(55) 
extrapolation of absorbance values in the wavelength 
range 350-330 nm to the absorbing region. The 
absorbance in the peak region (s ) was recorded at a 
wavelength interva l of 0.2 nm. The protein 
concentration was 1.0 mg per ml. 
14. Fluorescence measurements: 
The fluorescence excitation and emission spectra 
of B5A and its modified der ivat ives were obtained in 
sodium phosphate buf fer , pH 7.0, I = 0.15 at room 
temperature ( — 25°C). Generally low protein 
concentrations were used for fluorescence measurements 
to minimize inner f i l t e r e f fects. The emission spectra of 
native and modified BSA preparations were also 
recorded at di f ferent excitation wavelength v i z . 275, 
280, 285, 295, 300 and 305 nm. 
15. Measurement of viscosity: 
The viscosity of BSA and its modified der ivat ives 
was measured as described by Ahmad &Salahuddin 
(1974) with a Kimax G-46 (Kimax USA, size 25) 
viscometer having a flow time of 536.73 sec. for 4 ml 
of dist i l led water at 25°C. Before the measurement, the 
viscometer was washed with f i l tered detergent solution. 
(56) 
chromic acid and dist i l led water several times. It was 
f ina l l y rinsed with puri f ied methanol and dried by-
passing dust free a i r . The viscosity measurements were 
performed inside a glass tank maintained at a constant 
temperature of 25 + 0.05°C. The temperature was 
maintained by circulat ing water at desired temperature 
from a Haake water circulator (Model F3, West 
Germany). The time of f a l l of 4 ml solvent and protein 
solution was recorded using a stop watch with a least 
count of 0.01 sec. For each solution atleast four 
independent measurements of the time of f a l l were 
performed. The average of these measurements was 
used in the calculation of reduced v iscos i ty . The mean 
error in the measurement of time of f a l l was less than 
0.05% (0.28 sec) . Protein solutions in the range of 0.2 
to 1% were used for the determination of reduced 
v iscosi ty . The density of the solvent (sodium 
phosphate buf fer , pH 7.0, I = 0.15) as determined by 
weighing known volumes of the solvent was found to be 
1.006 g at room temperature ( 23°C). 
The reduced viscosity was computed from the 
fol lowing expression (Tanford, 1955): 
"^red = ( t - t )/t C + (l-V2eo;/Po (7) o o 
where t and t^ are times of f a l l of protein solution 
(57) 
and that of solvent, C is the amount of protein in g/ml 
is the density of solvent and ^^ is the par t ia l 
specif ic volume of the protein molecule and was taken 
to be 0.733 for BSA and its modified preparations 
(Tayyab and Qasim, 1986). 
The intr insic viscosity was calculated from a plot 
of reduced viscosity against protein concentration 
(g/ml) which was analyzed by least squares method. 
The data were f i t ted into the equation 
Tired = K C + (8) 
where K is a constant and [ TJ^  ] is the intr insic 
viscosity of the protein molecule. 
16. Immunological studies: 
( a ) Preparation of antigen solution: 
The antigen solution for injection was prepared 
fol lowing the method of Kabat and Meyer (1961) using 
alum as adjuvant . To 9 ml of protein solution (2 
mg/ml) in sodium phosphate buf fer , pH 7.0, I = 0.15 
was added 1 ml of 1% (w/v) solution of potassium 
aluminium sulfate (alum) with thorough mixing. In 
order to avoid the formation of l a rge aggregates 
antigen solutions were prepared just before use. 
(58) 
(b ) Immunization: 
Before immunization blood was drawn from each 
rabbit which was used as a control in subsequent 
studies. A total of about 100 mg BSA was injected in 
each of the six weeks. The injections were made in 
the marginal vein of rabbit ear . In the f i rs t week 2 
mg antigen was injected per rabbit on alternate days. 
In the second, third and fourth weeks, 5, 8 and 12 mg 
antigen were injected r!B"spt£tifiwdl>y on alternate days. A 
total of twelve injections were administered in each 
rabbi t . After a gap of one week, a booster dose of 20 
mg antigen was g iven . A week after the booster 
inject ion, 15 ml of blood was drawn from each rabbit 
by cardiac puncture. Subsequent bleedings were done 
on alternate days. Blood was allowed to clot and the 
serum was collected. Complement inact ivat ion was done 
as usual by heating the antiserum at 56°C for 30 
minutes. The antiserum was stored at -15°C. 
(c ) Ouchterlony double immunodiffusion: 
Double immunodiffusion was carried out according 
to the method of Ouchterlony (1949). One per cent 
agar solution (w/v) in 0.15 M sodium chloride 
containing 0.02% sodium azide was heated to 100°C for 
5 minutes with constant s t i r r ing . 4 ml of this solution 
(59) 
was uniforr.-:ly layered on glass petr i dishes (5 cm 
diameter) . The solution was le f t at room temperature 
for polymerization and wells were made. After this the 
antiserum was taken in the central well while the 
antigens (BSA and its modified der ivat ives ) were taken 
in four peripheral wel ls . The di f fusion was allowed to 
take place at room temperature for 3 hours fol lowed by 
incubation for 24 hours at 4°C. The gels were then 
washed several times with 0.15 M sodium chloride, f i xed 
with absolute methanol and photographed. 
(d ) Immunoelectrophoresis: 
Immunoelectrophoresis was performed in 0.05 M 
barbi ta l buf fer , pH 8.6 following the method of Graber 
(1955). The agar solution (1% w/v) prepared in sodium 
barbi ta l buf fer containing 0.02% sodium azide was 
treated as above and 3 ml of it was layered on 
microscopic slides while st i l l hot. After sol id i f icat ion 
of ge l , a thin channel was cut in the middle and two 
wells were made, one on each side of this channel. 
Antigen solution (15 ml) was applied in the two wel ls. 
After incubating the slides at 37°C for 1 hour, 
electrophoresis was performed by passing an anodic 
current of 3-4 mA per sl ide for two and a half hours. 
(60) 
The slides were then removed from the 
immunoelectrophoretic assembly and the antiserum was 
applied in the central channel. The antigen-antibody 
reaction was allowed to take place for 3 hours at room 
temperature; for 24 hours at 4°C. Further details were 
same as described for immunodiffusion. 
(e ) Quantitative precipit in t i trat ion: 
The extent of immunological cross react iv i ty was 
determined by the precipit in t i tration method of 
Heidelberger and Kendall (1935) as modified by Ansari 
and Salahuddin (1973). A f ixed volume of anti-BSA 
antiserum (0.5 ml) was taken in di f ferent centri fuge 
tubes and increasing concentrations of antigen (native 
and modified albumins) were added. The f ina l volume 
was made to 2 ml by the addition of sodium phosphate 
buffer pH 7.0, I = 0.15. The tubes were incubated at 
37°C for 3 hours and then for 12 hours at 4°C. The 
precipitate obtained by centri fugation was washed twice 
with 5 ml cold normal saline and then dissolved in a 
measured volume of 0.06 M KCl, pH 2.1. The protein 
contents were dtermined by the method of Lowry et al. 
(1951). 
(61) 
17. Proteolytic digestion: 
Proteolytic hydrolysis of native and modified BSA 
preparations was carr ied-out in 0.1 M sodium phosphate 
buf fer , pH 8.0 at 37°C as described by Paik and Kim 
(1972) and modified by Ansari et a l . (1975). The 
reaction mixture was prepared by mixing 6 ml of 
enzyme (Trypsin or chymotrypsin) with 6 ml of protein 
substrate so that a protein to enzyme molar ratio of 1: 
2 was obtained. The f ina l concentration of protein 
substrate was 0.7 mg/ml. Aliquotes of 0.5 ml were 
taken from the reaction mixture at di f ferent time intervals 
and mixed with 0.5 ml of precooled 1 M sodium acetate 
buf fer , pH 3.0 to stop the reaction. Ninhydrin reagent 
(0.5 ml) was also added and the color was developed 
as described ear l i e r . Absorbance was recorded at 570 
nm and corrected for two blanks prepared with only 
enzyme or the protein substrate. Increase in 
absorbance (^i^O.D.) at 570 nm was plotted against time 
(in minutes) and the in i t ia l l inear portion of the plot 
was f i t ted into a straight l ine by the method of least 
squares. The slope of the plot gave the apparent rate 
constant. The e f fect ive rate constant (K ) was e 
obtained by d iv id ing rate constant by number of 
scissile peptide bonds. 
(62) 
18. Denaturation studies: 
The ef fect of chemical modification on the 
stabi l i ty of BSA was studied by urea denaturation 
(Tanford, 1968; Pace 1975, 1986). The urea 
denaturation of BSA was studied by UV di f ference 
spectroscopy. The urea induced di f ference spectrum 
was obtained by subtracting the absorbance of protein 
in sodium phosphate buf fer , pH 7.0, I = 0.15 from the 
absorbance of protein in 9 M urea in the wavelength 
range 250-330 nm. For transition studies nat ive and 
modified albumins were treated with increasing 
concentrations of urea va ry ing between 0.5 and 10 M. 
For a part icular transition point, a required amount of 
urea was del ivered into a cal ibrated 5 ml volumetric 
f lask . 1 ml of protein solution (by weight ) was 
transferred into f lask and the volume was made upto 5 
ml with water. The contents were thoroughly mixed 
and incubated for 8 hours at room 
temperature ( —^25°C). A nat ive protein control 
containing identical amount of protein in sodium 
phosphate buf fer , pH 7.0, I = 0.15 and a urea blank 
containing an identical amount of urea (but not 
protein) in sodium phosphate buf fer , pH 7.0, I = 0.15 
were also prepared. Absorbance of protein in urea was 
(63) 
recorded against urea blank and thatof nat ive protein 
against buf fer at 288 nm. For scattering corrections 
absorbance was recorded in the wavelength range 
330-350 nm and extrapolated to 288 nm. A.O.D (288 nm) 
was obtained by subtracting absorbance of protein in 
buf fer from the absorbance of an identical amount of 
protein in urea. The protein concentrations were in 
the range of 2.2-2.4 mg/ml. 
Thermodynamic analys is of denaturation curves: 
A single parameter;AO:D , (288nm)(y) was used for 
measuring urea induced unfolding of BSA and its 
modified preparat ions. Values of y characterist ic of 
nat ive state ( yj,j ) and denatured state ( 7^ ) were 
obtained by extrapolat ion of l inear portion of 
denaturation curve at low and high urea concentrations 
into the transit ion region (Mathews and Crisanti , 1981; 
Pace, 1986). The transit ion curves were analyzed 
by established procedure (Tanford, 1968, Pace, 1986). 
At any point in the transit ion region, 
where f^ ^ is the fraction of unfolded (denatured) protein 
at a part icular urea concentration. For each 
transit ion point an equil ibrium constant, K^ ^ was 
( 64 ) 
obtained from the equation: 
From the value of equilibrium constant, apparent free 
energy di f ference ( iil^Gj^) between native and unfolded 
state was calculated using the fol lowing equation: 
A G j q = -RTlnKj^ (11) 
The free energy of stabi l izat ion (^G j^ ) , a measure of 
stabi l i ty of a protein in its folded state ( in absence of 
denaturant) was obtained by l inear extrapolation and 
denaturant binding models (Tanford, 1970; Pace, 1975 
and 1986). 
19. Bilirubin-albumin interaction: 
The interaction of b i l i rubin with BSA and its 
modified forms was studied by ( a ) v is ib le spectroscopy 
and (b ) by fluorescence quenching. 
( a ) Spectroscopic method: 
Stock bi l i rubin solutions were prepared just 
before the experiment by dissolving 4 mg of b i l i rubin 
in 5 ml of 5 mM sodium hydroxide containing 1 mM 
EDTA. The volume was made upto 50 ml with Tris-HCl 
buf fer , pH 8.0, I = 0.15. Further dilutions were made 
from this stock solution. The bi l i rubin solutions were 
stored in dark at 4°C and used within two hours. The 
concentration of b i l i rubin was determined 
spectrophotometrically by using a molar absorpt iv i ty 
( 65 ) 
coeff icient of 47,500 at 440 nm (Jacobsen and Wennberg, 
1974). 
Absorption spectra of f ree b i l i rubin and 
bi l i rubin albumin complexes were recorded at room 
temperature ( •— 25°C) in the wavelength range 390-550 
nm. 1 ml of protein solution was taken in each of a 
series of four tubes < To these were added requisite 
amounts of b i l i rubin solution so that molar ratios of 
0.5-2.0 were obtained between bi l i rubin and albumin. 
The volume was made upto 5 ml with tris-HCl buf fer , 
_dH 8.0. I = 0.15 in each tube. Respective blanks of 
free b i l i rubin solutions were prepared in an identical 
fashion except that the protein was omitted. The 
absorbance was recorded for each solution in the 
wavelength range 390-550 nm. The di f ference spectra 
due to interaction of b i l i rubin with di f ferent albumin 
preparations were obtained manually by SMbracti'n^g the 
absorbance of free bi l i rubin solution fffom th^i of 
b i l i rubin albumin complex at each wavelength. 
(b ) Fluorescence quenching studies: 
To quanti fy the bi l irubin-albumin interaction in 
terms of a f f in i t y constant and binding capaci ty , 
fluorescence quenching method of Levine (1977) was 
fol lowed. The fluorescence quench t i trat ion was performed 
(66) 
in a discontinuous manner in sodium phosphate buf fer , 
pH 8.0, I = 0.15 at 25°C. A f ixed amount of protein 
(BSA and its modified forms) was taken in di f ferent 
test tubes and increasing amounts of b i l i rubin solution 
were added so that molar ratios va ry ing from 0 to 2 
between bi l i rubin and albumin were obtained. The 
f ina l volume was made to 5 ml by adding required 
amount of buf fer . Fluorescence emission spectra were 
recorded in the wavelength range 300-400 nm using an 
excitation wavelength of 282 nm. The fluorescence 
emission spectra were recorded exact ly 10 minutes after 
the addition of bi l i rubin solution. The fluorescence 
intensity at 340 nm was plotted against 
bil irubin/albumin (B/A) molar rat io . The in i t ia l l inear 
portion of the curve was f i t ted into a straight l ine by 
the method of least squares which obeyed the equation: 
F = F - mR (12) o 
where F is the fluorescence at B/A ratio R, F is the o 
fluorescence in absence of b i l i rubin and is the maximal 
quench. The data were f i tted into the Scatchard plot 
as described by Levine (1977). 
K - K Q = Q/[B] = Q/(R-Q) [Albumin]^ ( 1 3 ) 
Si S. 1 
where n is the binding capaci ty , K is the a f f in i t y a 
constant, Q is the fract ional quench, [B] is the free 
(67) 
bi l i rubin concentration, [Albumin]^ is total albumin 
concentration and R is the molar rat io between total 
b i l i rubin and albumin in the reaction mixture. The 
value of K - was obtained-from a plot -between Q and 3. 
Q/[B] which was analysed by least squares. With such 
a plot, the X intercept gave the capacity (n ) while the 
slope gave the value of a f f in i ty constant ( - K ^ ) . a 
Binding constants were determined at- higher ionic 
strength (1.0) in the same way as described above. 
The ionic strength adjustments were made by adding 
required amount of sodium chloride to the buf fer . 
(68) 
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1. Preparation of bovine serum albumin monomer: 
Bovine serum albumin monomer was separated 
from other aggregated forms by column chromatography on 
Sephadex G-150 column of commercial (Sigma) albumin 
preparation. A typica l prof i le is shown in F ig . 4. 
Three distinct peaks having V^/V^ ratios of 1.04, 1.28 
and 1.61 were obtained. The re lat ive y ie lds of the three 
fractions were 32%, 17% and 51% respect ive ly . Peaks I 
and I I together contained various aggregated forms of 
albumin while peak I I I comprised of monomeric form of 
albumin. The fractions of peak I I I indicated by a solid 
bar under this peak were pooled together, concentrated 
and stored in sodium phosphate buffer pH 7.0, 1=0.15 at 
4°C in the presence of 0.02% sodium azide. The purity of 
this preparation was chekced by gel f i l t rat ion on 
Sephadex G-200 column and by polyacrylamide gel 
electrophoresis at pH 8.2. The results are shown in F ig . 
5 which show that the monomeric albumin preparation was 
homogeneous with respect to size and charge. This 
monomeric preparation was used throughout this study and 
wi l l be termed as BSA henceforth. 
2. Modification of buried lysine residues of BSA: 
Earl ier results on succinylation of BSA have 
indicated exposure of about 80% lysine residues in the 
(70) 
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F ig .4 : Elution prof i le of Sigma BSA on Sephadex G-150 column 
(96x2.3 cm). The column was equi l ibrated with 
sodium phosphate buf fer , pH 7.0, 1=0.15 containing 
0.02% sodium azide. 500 mg of protein was applied 
on the column. The flow rate was 25 ml/hr and 5 ml 
fractions were collected. The fractions were monitored 
by Lowry ' s method and the absorbance was recorded 
at 700 nm. The fractions under solid bar were 
pooled. The inset shows PAGE pattern of Sigma BSA 
preparation. 
(71) 
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Fig . 5: Gel f i l t rat ion prof i le of BSA monomer on a Sephadex 
G-200 column (76 x 1.75 c m ) . . Ten mill igram of pro-
tein in 1 ml buffer was applied and 'the column was 
operated at a flow rate of 15 ml/hr. The protein was 
eluted with sodium phosphate buffer pH 7.0, 1=0.15. 
The protein fractions were monitored by Lowry 's method. 
The inset shows PAGE pattern of BSA monomer. 
(72) 
native protein (Jonas and Weber, 1970; Tayyab and 
Qasim, 1986). Modification of remaining lysine residues 
can only be achieved at very high concentrations of the 
modifying reagent. In order to get BSA preparations with 
only buried lysine residues modified, the fol lowing 
strategy was used: 
(1) Modification of exposed lys ine residues with a reagent 
which can be reversed under mild conditions. 
(2) Modification of the remaining (buried) lysine residues 
by a reagent which is stable and is not removed 
under mild conditions. 
(3) Removal of groups introduced in step (1 ) . 
This strategy has been used to introduce acety l , 
carbamyl, guanidyl and succinyl groups on the 
buried lysine residues. 
In prel iminary experiments it was found that 200 
molar excess of citraconic anhydride was required to 
produce 80% citraconylated BSA. This preparation was 
div ided into f i v e portions. These portions were treated 
with excess of acetic anhydride, potassium cyanate, 
methylisourea, succinic anhydride and citraconic 
anhydride respectively to modify the remaining lysine 
residues. After modification with these reagents, each of 
these preparations was treated with 0.05 M" sodium acetate 
(73) 
buffer pH 3,5 (Atassi and Habeeb, 1972) to remove 
citraconyl groups. Under these conditions acetyl , 
carbamyl, guanidyl and succinyl groups on lysine 
residues are retained. The extent of modification was 
determined by TNBS method (Habeeb, 1966). The results 
are shown in F i g . 6 and summarized in Table IV. All 
the preparations were 100% modified after second 
modification and about 20% modified once the citraconyl 
groups were removed. The one in which second 
modification was also performed with citraconic anhydride 
after treatment with pH 3.5 buf fer y ie lded a preparation 
v i r tua l l y identical to native BSA. 
The number of amino groups modified was 
determined from the slopes of the straight l ines shown in 
F ig . 6 by using them in equation 5. To ensure that 
decitraconylation was complete, extent of modification of 
amino groups was also determined by ninhydrin reaction 
and the results are presented graphica l ly in F i g . 7. The 
ninhydrin reaction requires harsher conditions as 
compared to TNBS method under which citraconyl groups 
are unstable (Habeeb, 1966). I f there wi l l be any 
unhydrolysed citraconyl groups the results of the two 
reactions should be di f ferent . As can be seen in 
Table IV, the results of the two reactions are comparable 
and similar values of extent of modification were obtained 
(74) 
TABLE - IV 
EXTENT OF MODIFICATION OF AMINO GROUPS AND TYROSINE RESIDUES 
IN VARIOUS ALBUMIN PREPARATIONS 
Modified Amino groups modified Number of * Number o f * * 
albumin TNBS Ninhydrin amino groups t y r o s i n e s 
d e r i v a t i v e s r eac t i on r eac t i on mod i f i ed m o d i f i e d 
Act - BSA 22 22 13.0 4.0 
Car - BSA 20 20 12.0 Nil 
Gua - BSA 27 27 16.0 
Sue - BSA 24 24 .14.0 Nil 
*The number of amino groups modified was calculated by taking 
the total number of amino groups to be 60 (one alpha amino 
group and 59 lysine res idues) . The numbers represent the nearest 
whole numbers. 
* * The number of modified tyrosine residues was calculated by 
using equation 6. 
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Fig .6 : Plots for the determination of extent of modification by 
TNBS reaction with BSA and its modified forms. The 
various protein preparations are represented as: 
native BSA ( ) , Act-BSA ( — — ) , Car-BSA ( ) , 
Gua-BSA ( ) , Suc-BSA ( ) and 79% Cit-BSA 
( ) . The inset shows correlation of extent of 
citraconylation with molar rato of citraconic anhydride 
to BSA. 
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Fig .7 : Plots for the determination of extent of modification by 
ninhydrin color reaction. Absorbance at 570 nm was 
plotted as a function of amount of protein for BSA and 
its modified der ivat ives . The representation of 
various protein preparations is same as in F ig .6 . 
(77) 
for each preparation by the two methods which show that 
decitraconylation was complete. The extent of 
modification of amino groups was 22%, 20%, 27% and 24% 
for acetyl , carbamyl, guanidyl and succinyl BSA 
der ivat ives . These modified BSA preparations wi l l 
henceforth be designated as Act-BSA, Car-BSA, Gua-BSA 
and Suc-BSA respect ive ly . The reaction of proteins with 
acetic anhydride and citraconic anhydride under the 
conditions used in this study mainly results in the 
modification of amino groups (Riordan and Val lee, 1972 
Stark, 1965, 1972; Hofstee, 1968; Nakagawa et a l . , 1972 
Kimmel, 1965; Roche et a l . , 1954; Habeeb et al.,1958 
Riordan and Val lee, 1964; Chang and Sun, 1978; Jonas 
and Weber, 1970; Atassi and Habeeb, 1970). Only acetic 
anhydride is l ike ly to modify tyrosine residues in 
addition to amino groups. Modification of tyrosine 
residues was checked by 1 M hydroxylamine treatment at 
pH 7.5 in Act-BSA as well as in other modified 
preparations and the results are summarized in Table IV. 
Except in Act-BSA, the modification of tyrosine residues 
was nil in other preparations. Act-BSA was treated with 
1 M hydroxylamine, pH 7.5 for 3 hours to deacetylate 
o-tyrosyl residues in this preparation. 
(78) 
3. Homogeneity of modified BSA derivatives: 
The homogeneity of various albumin der ivat ives 
was established by column chromatography on a Sephadex 
G-200 column and by polyacrylamide gel electrophoresis at 
pH 8.2. 
( a ) Column chromatography: 
The elution prof i les of native and modified BSA 
preparations are given in F ig . 8. As can be seen each 
preparation eluted with a symmetrical peak indicat ing 
size homogeneity in each albumin preparation. The V^/V^ 
ratios were 1.59, 1.58, 1.59, 1.58 and 1.51 for native 
BSA, Act-BSA, Car-BSA, Gua-BSA and Suc-BSA respect ive ly . 
Only Suc-BSA preparation showed a, s igni f icant decrease 
in V^/V^ indicat ing a small increase in Stokes radius of 
this preparation. 
(b ) Polyacrylamide gel electrophoresis: 
The electrophoresis was performed at pH 8.21X2 
Tris-HCl buf fer at ionic strength of 0.02 and 0.15. All 
the modified albumin preparations gave single protein 
bands indicat ing homogeneity with respect to extent of 
modification. The electrophoretic patterns are shown in 
F ig . 9. The re lat ive mobility of di f ferent albumin 
preparations is given in Table V. The re lat ive mobility 
of Gua-BSA is similar to that of nat ive BSA. Since 
guanidination converts lysine residues of the albumin 
(79) 
110 130 110 130 90 110 
ELutlon Volume,mL 
Fig .8 : Chormatographic prof i les of Suc-BSA (1 ) , Car-BSA (2 ) , 
Act-BSA (3) amd Gua-BSA (4) on Sephadex G-200 
column (76x1.75 cm). The other details are same as 
in F ig .5 . 
(80) 
F ig .9 : Polyacrylamide gel electrophoretic patterns of BSA and 
its modified forms at two di f ferent ionic strengths of 
0.02 (A) and 0.15 (B ) . The electrophoresis was 
carried out by applying a current of 4 mA per gel 
tube. The gels were stained by 1% amidoschwarz and 
destained in 7% acetic ac id. The various protein 
preparations are native BSA (1 ) , Act-BSA (2 ) , Car-BSA 
(3 ) , Gua-BSA (5 ) . The position of dye bands is 
shown by arrows. 
1 2 3 4 5 
-
1 2 3 4 5 
B I . 
u 
(81) 
TABLE - V 
RELATIVE MOBILITIES OF BSA AND ITS MODIFIED 
DERIVATIVES AT TWO DIFFERENT IONIC STRENGTHS 
Relat ive Mobility (Rm) 
Preparat ions I = 0.02 I = 0 .15 
Native - BSA 0,50 0.44 
Act - BSA 0.54 0.49 
Car - BSA 0.54 0.49 
Qua - BSA 0.50 0.45 
x-Suc - BSA 0.60 0.59 
(82) 
molecule to homoarginine, the posit ive charge on the 
protein at pH 8.2 is retained. There wi l l be a net 
charge of -18 on both native and Gua-BSA, with the 
result the two protein preparations exhibit similar 
re la t ive mobil ity. Carbaumylation and acetylation lead to 
neutral ization of the posit ive charge of lys ine residues. 
Therefore Car-BSA and Act-BSA wi l l carry net charges of 
about -30 per molecule at pH 8.2 respect ive ly . The 
increased net negative charge of these two preparations 
explains their higher re la t ive mobility as compared to 
native B5A. The Suc-BSA der ivat ive shows highest re la t ive 
mobility as compared to other albumin der ivat ives which is 
expected since introduction of each succinyl group replaces 
a posit ive charge on lys ine residue by a negative 
charge. However, the re lat ive mobility was not as high 
as expected. This is probably due to the fact that 
Suc^BBA undergoes an increase in Stokes radius which wi l l 
have a tendency to decrease its re la t ive mobil i ty. The 
polyacrylamide gel electrophoretic patterns obtained at 
ionic strength of 0.15 are given in Fig.9B. The results 
suggest that there is a sl ight decrease in the re la t ive 
mobility of a l l albumin preparations except Suc-BSA where 
it is more or less constant (see Table V ) . The increase 
in ionic strength wi l l lead to sl ight re fo lding of Suc-BSA 
(83) 
and thus opposes any decrease in the re lat ive mobility 
of this preparation. 
4. Ultraviolet spectral features: 
UV absorption spectra of native and modified 
albumin der ivat ives were recorded at pH 7.0 and ionic 
strength of 0.15 and are depicted in F ig . 10. A notable 
di f ference between the absorption spectra of nat ive and 
various modified BSAs is a decrease in extinction 
coeff icient values in modified albumins. The extinction 
coeff icient and ^ values are depicted in Table VI . max 
1% 
The E^Jj^ value of 6.6 for BSA was in good agreement 
with the reported value of 6.7. Since no tyrosine 
residues were modified ( in case of Act-BSA, free 
tyrosines were l iberated by hydroxylamine treatment), 
the decrease in extinction coeff icient in case of modified 
albumin der ivat ives is probably due to a small local 
perturbation in the v ic in i ty of one or a few aromatic 
amino acid residues. 
With the exception of Suc-BSA no detectable shift 
in was observed in other modified albumins. In max 
Suc-BSA y \ was blue shifted by 0.8 nm. Since 
max 
proteins exhibit a blue shift in UV spectra upon a 
conformational change and consequent exposure of 
chromophores to comparatively polar environment 
(84) 
12.0 
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F ig . 10: Ultraviolet absorption spectra of nat ive BSA ( ) , 
Act-BSA( ) , Car-BSA ( ) , Gua-BSA ( ) 
and Suc-BSA ( ) obtained in sodium phosphate 
buf fer , pH 7.0, 1=0,15. The scattering correction 
was done by extrapolat ing the absorption in the 
330-350 nm region to the absorbance region. The 
protein concentration was 1 mg/ml. 
(85) 
TABLE - VI 
ULTRAVIOLET SPECTRAL FEATURES OFNATIVE AND 
MODIFIED ALBUMIN PREPARATIONS IN SODIUM PHOSPHATE 
BUFFER, pH 7.0, 1=0.5 AND AT ROOM TEMPERATURE 
( 250C) 
Albumin Peak Wavelength 
Prepara t ions 
N a t i v e BSA 6.60 27B.4 
Act - BSA 6.35 278.2 
Car - BSA 6.46 278.4 
Gua - BSA 6.39 278.4 
Sue - BSA 6.24 277.6 
(86) 
(Wetlaufer, 1962; Donovan, 1969), it is presumable that 
this blue shift in case of Suc-BSA is due to a 
conformational change in this preparation. This is not 
surprising since of the four chemical modifications 
attempted in this study succinylation is known to be 
more destructive (Habeeb et a l . , 1958; Klotz and 
Keresztes-Nagy, 1963; Mass, 1964; Bezkorovainy et a l . , 
1969; Jonas and Weber, 1970) to protein conformation 
than any of the other three modifications. 
5. Fluorescence characteristics: 
The fluorescence excitation and emission spectra 
of native and modified albumins were obtained in sodium 
phosphate buf fer pH 7.0, 1=0.15 at room temperature 
( ^ 28°C). The excitation and emission spectra of 
native and modified BSA are shown in F i g . 11. I t can 
be seen that for a l l the preparations excitation and 
emission maxima occur at 282 nm and 336 nm 
respect ive ly . The emission spectra of native and four 
modified der ivat ives were recorded at di f ferent excitation 
wavelengths such as 275, 280, 285, 295, 300 and 305 nm 
and the results are summarized in Table V I I . I t can be 
seen from the results of F ig . 11 and Table V I I that 
emission spectra for native and modified albumins are 
very similar. The only notable di f ference seems to be a 
(87) 
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Fig . 11: Fluorescence excitation (A) and emission (B) spectra 
of BSA and its modified forms in sodium phosphate 
buf fer pH 7.0, 1=0.15. The excitation spectra were 
recorded at an emission wavelength of 336 nm and 
for emission spectra the excitation wavelength of 282 
nm was used. The various protein preparations are: 
native BSA( ) , Act-BSA( ) , Car-BSA( ) , 
Gua-BSA( ) and Suc-BSA( ) . 
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s l ight ly lower re la t ive fluorescence in modified albumins. 
However, there is no change in the position of emission 
maxima and a l l the preparations show characteristics of 
tryptophan fluorescence. This is understandable since 
BSA is a class B type protein (Cowgil l , 1976) containing 
both tryptophan and tyrosine (Brown, 1977). The two 
tryptophans present in albumin molecule are bel ieved to 
be f a i r l y exposed to the solvent and hence small 
conformational changes such as presumed in our modified 
preparations are unlikely to change fluorescence 
characteristics to any s igni f icant degree. 
6. Hydrodynamic properties: 
( a ) Determination of Stokes radius: 
The hydrodynamic properties of BSA and its 
modified der ivat ives , such as Stokes radius, di f fusion 
coeff icient and fr ict ional rat io were studied by gel 
f i l t rat ion on a cal ibrated Sephadex G-200 column at pH 
7.0, 1=0.15. The column was cal ibrated by passing 
standard proteins of known hydrodynamic properties (see 
Table V I I I ) . The void volume and inner volume of the 
column were determined by passing blue dextran and 
glucose through the column. The elution prof i les of blue 
dextran, glucose, marker proteins and modified BSA 
(90) 
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der ivat ives are given in F igs . 12 to 14. 
All the four modified albumin der ivat ives eluted 
as single symmetrical peaks emphasizing size 
homogeneitytin these preparations. The elution volume 
for each protein was determined 2-3 times and the error 
in the determination of elution volume was less than ± 
0.5 ml. The elution volumes of d i f ferent proteins were 
nomalized with the help of fol lowing equations: 
^d = V -V /V. e o 1 (14) 
K = V -V / V - y (15) av e o t o 
where K . and K are distribution coeff ic ient and d av 
ava i lab le distribution coeff ic ient for a protein with 
elution volume V . V and V. are the void and inner e o 1 
volume of the gel bed and V^ is the total volume. The 
gel f i l t rat ion data are summarized in Table V I I I . The 
data were analysed by the fol lowing equations of 
Laurent and Kil lander (1964) and Ackers (1967): 
( - l o g K^, = Ar + B (16) a. V 
where r is Stokes radius (nm), A,B, a^ and b^ are 
cal ibrat ion constants and other terms have the usual 
s igni f icance. The plots of Stokes radius agairtst 
(92) 
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F ig . 12: Elution prof i les of blue dextran (1) and glucose (2) 
on Sephadex G-200 column (76 x 1.76 cm). the 
column was equil ibrated with sodium phosphate buf fer 
pH 7.0, 1=0.15. Eight mill igram of glucose and 5 mg 
of blue dextran dissolved in 1.5 ml of buffer were 
applied on the column. The fractions of glucose 
were monitored by the method of Dubois et a l . (1956) 
and the color intensity of blue dextran fractions was 
recorded at 625 nm. 
(93) 
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Fig . 13: Chromatographic prof i les of marker proteins on 
Sephadex G-200 column (76 x 1.76 cm). The various 
proteins were: Chymotrypsinogen, A ( 1 ) , Ovalbumin 
( 2 ) , BSA monomer (3) and BSA dimer (4 ) . The 
column was operated at flow rate of 15 ml/hr and 2 
ml fractions were collected. Ten mill igram of each 
protein in 1.5 ml buffer were loaded on the column. 
The fractions were monitored by the method of Lowry 
et a l . (1951). 
(94) 
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F ig . 14: Chromatographic prof i les of native BSA (1 ) , Suc-BSA 
(2 ) , Car-BSA (3 ) , Act-BSA (4) and Gua-BSA (5) on 
Sephadex G-200 column (76 x 1.75 cm). The other 
details were same as described in the legend to 
Fig.13. 
(95) 
i -1, ( - l og K and erfc "^K, are shown in F igs . 15A and B. 
3. V Q 
The least squares analysis of the data gave fol lowing two 
equations: 
( - l o g K ) = ( r ) 0.188+ 0.196 (18) 
3. V 
erfc"^ K_, = ( r ) 0.236+0.389 (19) d 
The di f fusion coef f ic ient , D and fr ic t ional rat io, 
f/fo were calculated from Stokes radius by the fol lowing 
equations (Andrews, 1970). 
D = KT/6 7^r^r (20) 
f/fo = r/Ov^MAT^ N)^^^ (21) 
where K is Boltzman's constant (1.386 x 10 ^^ erg deg 
T is absolute temperature (30l'^K), is the viscosity of 
solvent(0.1 poise for sodium phosphate buf fer , pH 7.0, 
1=0.15), V2 is par t ia l specif ic volume (taken to be 0.733 
for nat ive and modified albumins), N is Avagadro ' s 
23 -1 
number (6.023 x 10 mole ) and M is the molecular 
weight of proteins. The molecular weight of BSA was 
taken to be 67000 (Peters, 1985) while the molecular 
weights of modified preparations were calculated by 
adding the molecular weight contribution of modifying 
groups. 
(96) 
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Fig . 15: Treatment of gel f i l t rat ion data for marker proteins 
according to the method of Laurent and Kil lander 
(1964) (A) and Ackers (1967) (B ) . The marker 
proteins were: Chymotrypsinogen, A (1 ) , Ovalbumin 
(2 ) , BSA monomer (3) and BSA dimer ( 4 ) . The 
positions of modified der ivat ives of BSA are shown by 
arrows. 
(97) 
The values of Stokes radius, di f fusion coeff icient 
and f r ic t ional rat io calculated by using equations 18-21 
are g iven in Table IX. The value of Stokes radius for 
BSA (3.42 nm) obtained in this study is in close 
agreement with the reported value of 3.55 (Andrews, 
1970). As can be seen, the values of Stokes rad i i for 
Car-BSA, Act-BSA and Gua-BSA were ident ical within 
experimental error to that of nat ive BSA. Further the 
values of f r ic t ional ratio for these three modified 
preparations were close to that of nat ive BSA indicat ing 
no or ve ry l i t t le change in the globular character of the 
protein. Thus, it can be presumed that there is no or 
l i t t le change in gross conformation of Act-BSA, Car-BSA 
and Gua-BSA preparations. However, an increase in 
Stokes radius upon succinylation from 3.42 to 3.71 is 
s igni f icant . This along with an increase in f/fo (from 
1.72to 1.78) and decrease in di f fusion coef f ic ient (from 
6.47 to 5.96) shows that succinylation of BSA produces a 
well defined change in the conformation of protein. This 
untoward ef fect of succinylation on the protein 
conformation is l ike ly due to electrostatic repulsion 
between negat ive ly charged succinyl groups. 
( 98 ) 
TABLE - IX 
HYDRODYNAMIC PROPERTIES OF NATIVE AND MODIFIED ALBUMIN 
PREPARATIONS AT pH 7.0, I = 0.15 AND AT 280C 
DT-^foir, Stokes* D i f f u s i o n 
(nm) ( c m ^ / s e c X 1 0 ' ) r a t i o 
Native BSA 3.42 6.47 1.27 
Act - BSA 3.45 6.41 1.27 
Car - BSA 3.42 6.47 1.26 
Gua - BSA 3.45 6.41 1.27 
Sue - BSA 3.71 5.96 1.36 
* The values of StokeS radi i were taken as mean of the values 
cbtained by equations 18 and 19. 
**Calculated on the basis of molecular weights including the 
contribution of modifying groups. 
(99) 
(b ) Viscosity results: 
The reduced viscosity of BSA and its various 
modified der ivat ives was determined from the times of f a l l 
of protein solution ( t ) and that of solvent (t^) at 25 t 
0.05°C with the help of equation 7. The intr insic 
viscosity was determined from the intercept of the plots 
between reduced viscosity and protein concentration as 
has been shown graphica l ly in F ig . 16. The second term 
of the equation 7 was calculated from the value of 
density ( ) of sodium phosphate buf fer , pH 7.0, 1=0.15 
which was found out to be 1.006 g and part ia l speci f ic 
volume (V^) of the proteins. The value of V^ g^A 
and its modified forms was taken to be 0.733 because 
changes in part ia l specif ic volume as a result of chemical 
modification w i l l have a negleg ible ef fect onthe f ina l 
results ( less than 0.2%). 
The viscosity dataofBSA and its modified forms 
are given in Table X. The intrinsic v iscosity of BSA was 
found to be 3.6 ml g ^ which is well in the range (3-4 
ml g characteristic of globular proteins (Tanford, 
1968) and is in close agreement with the reported value 
(Kunitz and Kauzman, 1974). The values of intr insic 
viscosity for Car-BSA, Act-BSA and Gua-BSA were found to 
be 3.9, 4.1 and 4.1 ml g ^ respectively which are about 
7% and 11% higher than that of the nat ive protein. 
Although the values of intrinsic viscosity of these three 
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o> 
o 
> 
X? 
a> 
4 . 5 
4.0 
3 . 5 
30 
- o r Tsr J3L W -iD-
a- — o -
1(1 a 
-tO 
•XT z s 
t r 
0.002 0.006 
Amount of protein,g/mL 
0.010 
Fig . 16: Plot of reduced viscosity against protein 
concentration for nat ive BSA ( • ) , Act-BSA ( 3 ) , 
Car-BSA (O), Gua-BSA ( ® ) and Suc-BSA ( ® ) . The 
data were analysed by the method of least squares. 
The intrinsic viscosity was determined from the 
intercepts of the curves at y ax is . 
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TABLE - X 
VISCOSITY DATA OF BSA AND ITS MODIFIED DERIVATIVES 
OBTAINED INSODIUM PHOSPHATE BUFFER, pH 7.0, 1=0.15 
AND AT 25 ± 0.05°C. 
Protein Intr insic viscosity 
Preparat ions (ml g"^ ) 
Native BSA 3.6 
Act - BSA 4.1 
Car - BSA 3.9 
Gua - BSA 4.1 
Sue - BSA 4.8 
(102) 
modified der ivat ives l ie in the range of globular 
proteins , i t is clear that there is a sl ight change in 
the conformation of these preparations which is not being 
detected by the gel f i l t rat ion technique. The Suc-BSA 
der ivat ive gave a value of 4.8 ml g ^ (33% higher than 
BSA) which is expected in the l ight of data on Stokes 
radius emphasising the fact that succinylation causes 
disorganisation of the albumin molecule. However, when 
compared to intr insic viscosity of BSA in 6 M Gdn.HCl 
where the protein exists as a cross-l inked random coil 
(Ahmad and Salahuddin, 1974), it is evident that even 
the Suc-BSA der ivat ive (which shows maximum 
disorganisation) retains substantial residual structure. 
7. Immunological studies: 
Immunological cross react iv i ty of BSA and its 
modified forms against anti-BSA antiserum was studied by 
Ouchterlony double immunodiffusion, Immunoelectrophoresis 
and quantitat ive precipit in t i trat ion. 
( a ) Ouchterlony double immunodiffusion: 
The results of double immunodiffusion of various 
albumin preparations against anti - BSA antiserum are 
shown in F i g . 17. As can be seen a l l the modified 
albumin preparations with the exception of Suc-BSA gave 
(103) 
F i g . 17: Immunodiffusion pattern of nat ive and modified BSA 
der ivat ives . The letters N, A, C, G and S represent 
native BSA, Act-BSA, Car-BSA, Gua-BSA and Suc-BSA 
respect ive ly . The antiserum (25 ;JL1) was placed in 
the central well and each of the peripheral wells 
contained about 25 1 of the designated antigen. 
The agar plates were then placed in a humid 
atmosphere at 37°C for 3 hours and 4°C for 24 hours. 
Photographs were taken without sta ining. 

(104) 
strong preci f j i t in arcs with fused ends. However, Suc-BSA 
qual i tat ive ly appeared to be a weak precipi t in. Since 
other modified der ivat ives g ive as strong arcs as nat ive 
BSA it appears unlikely that lysine residues modified per 
se are involved in antigen antibody reaction. Hence, the 
weaker precipit in arcs in Suc-BSA are l ike ly due to 
conformational changes in this preparation. 
(b ) Immunoelectrophoresis: 
The Immunoelectrophoresis was performed in 
barbi ta l buf fer , pH 8.6, 1=0.15 and the 
immunoelectrophoretic patterns of native and modified BSA 
preparations are shown in F ig . 18. The mobility of the 
arcs followed the same pattern as observed in 
polyacrylamide gel electrophoresis. In each case a 
single precipit in arc was obtained emphasising the 
homogeneity of antigenic preparations (nat ive and four 
modified der ivat ives of BSA) . As in case of 
immunodiffusion, strong precipit in arcs were obtained in 
case of Act-BSA, Car-BSA and Gua-BSA while as a faint 
arc was g iven by Suc-BSA preparation. 
(c ) Quantitative precipit in t i trat ion: 
The extent of immunological cross react iv i ty of 
native and modified albumins was determined by 
(105) 
F ig . 18: Immunoelectrophoretic pattern of BSA and its 
modified forms. The immunoelectrophoresis was 
performed in sodium barbi ta l buf fer , pH 8.6 by-
applying a current of 3-4 mA per sl ide for two 
and a half hours. 15 ysl of antigen was placed 
in each of the wells and after electrophoresis 
about 100 jal of antiserum was placed in the 
central channel. The slides were developed for 3 
hours at 37°C and 24 hours at 4°C. Photographs 
were taken without staining. The letters N, G, 
S, A and C stand for nat ive BSA, Gua-BSA, 
Suc-BSA, Act-BSA and Car-BSA respect ive ly . 

(106) 
performing precipit in t i tration in sodium phosphate 
buf fer , pH 7.0, 1=0.15 at 37°C. The results are shown 
in F ig . 19. The per cent precipitation in each case was 
calculated re lat ive to native albumin which was taken 
to be 100%. The precipitation values of 98% and 97% for 
Car-BSA and GuaBSA are more or less equal to that of 
native BSA. However, a decrease of 12% and 26% in 
case of Act-BSA and Suc-BSA may be due to 
conformational changes and not due to involvement of 
modified lysines per se in the antigenic determinants of 
BSA. 
8. Proteolytic digestion: 
The conformational f l ex ib i l i t y of BSA and its 
modified forms was determined by studying their rate of 
trypt ic and chymotryptic digestion (Paik and Kim, 1972; 
* 
Ansari, et al . ,1975). The proteolytic digestion was 
carried out at a substrate to enzyme ratio of 1:2 in 0.1 
IVI sodium phosphate buf fer , pH 8.0. The progress of the 
protein digestion was determined by ninhydrin reaction 
as described in experimental section, 
( a ) Trypt ic digestion: 
To ensure speci f ic i ty TPCK-treated trypsin was 
used for tryptic digestion of BSA and its modified forms. 
(107) 
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F ig . 19: Prof i les of quantitative precipitation titration of 
anti-BSA antiserum with native BSA ( ) , Act BSA 
( ) , Car-BSA ( ) , Gua-BSA ( ) and 
Suc-BSA ( ) preparations. The titrations were 
performed in sodium phosphate buf fer pH 7.0, I = 
0.15. 
(108) 
The trypt ic digestion was monitored by fol lowing 
increase in absorbance at 570 nm, AO.D. (570 nm) at 
di f ferent time interva ls . The results are graphica l ly 
shown in F ig . 20. The in i t ia l slope (d /^O.D./dt) of 
these curves was calculated by least squares analysis 
and gave apparent rate constants for trypt ic digestion. 
The apparent rate constants for native BSA, Act-BSA, 
Car-BSA, Gua-BSA and Suc-BSA were 1.24 x 1.35 x 
10 , 1.33 X 10~^ , 1.35 X 10~^ and 2.29 x 10~^ respec-
t i v e l y . I t can be seen that only succinylated albumin 
shows a s igni f icant increase in the rate of tryptic 
digestion, the apparent rate constants in the other three 
modified albumins appeared to be only s l ight ly higher 
than that of native albumin. I t is well known that 
trypsin attacks only those peptide bonds whose carboxyl 
groups are provided by lysine or arginine residues. 
Further, it is known that chemical modifications of 
lysine residues attempted in this study make the 
fol lowing peptide bond unreactive towards tryptic attack. 
Therefore, a simple assumption would be that 
modification of lysine residues would lead to a decrease 
of rate constant rather than an increase. Assuming it 
to be true, a more e f fect ive way of data r;epresentation 
would be to represent the rate constant in terms of 
e f fect ive rate constant which is obtained by div id ing the 
(109) 
40 80 120 160 200 
TimeCmin.) 
Fig,20: Plot of at 570 nm against time for tryptic 
digestion of native BSA ( ) , Act-BSA ( ) , 
Car-BSA ( ) , Gua-BSA ( ) and Suc-BSA 
C-*'-)-The in i t ia l portion of the curves was f i t ted into 
straight l ines by the method of least squares and the 
slopes gave the values of rate constants. 
(110) 
apparent rate constant by the number of susceptible 
peptide bonds. The number of scissile peptide bonds for 
modified albumins was calculated by subtracting the 
number of modified lysines from total number of scissile 
peptide bonds. The values of e f fect ive rate constant are 
given in column 3 of Table XI , However, this way of 
calculations does not s igni f icant ly change the ear l ier 
conclusion reached on the basis of apparent rate 
constants alone. A common belief is that native proteins 
are not usually susceptible to proteolytic attack and 
only a small fraction of molecules in unfolded state 
which are in equilibrium with the native conformation of 
the protein are proteolyt ical ly digested. As would be 
seen a l i t t le la ter , the conformational stabi l i ty of 
succinylated albumin is minimum and hence is l ike ly to 
be more susceptible to proteolytic attack than other 
modified albumins or native albumin . The higher rate 
constant in succinylated albumin is also fu l l y compatible 
with greater conformational changes in this protein and 
hence probably enhanced exposure of scissile peptide 
bonds. 
(b ) Chymotryptic digestion: 
The chymotryptic digestion was performed by 
using TLCK-treated chymotrypsin. The results are shown 
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Fig.21: Plot of A O.D. at 570 nm against time for 
chymotryptic digestion of BSA and its modified forms. 
The various proteins are same as in Fig.20. 
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in F ig . 21. The values of apparent rate constants for 
chymotryptic digestion were 1.09 x 10^, 1.25 x 10 1.13 
X lO"^, 1.14 X 10~^ ''and 1.83 x LO"^ for native BSA, 
Act-BSA, Car-BSA, Gua-BSA and Suc-BSA respect ive ly . 
Chymotrypsin mainly attacks the peptide bonds whose 
carboxyl function is contributed by aromatic amino acids 
(Trp, Tyr and Phe ) . The number of scissile peptide 
bonds was calculated from the amino acid sequence and 
the e f fect ive rate constants were determined as described 
above . The results are summarized in Table XI . As in 
case of trypt ic digestion, only succinylated albumin 
showed signi f icant increase in rate constant. 
9. Urea denaturation studies: 
The urea induced denaturation of BSA and its 
four modified forms was studied by ultraviolet di f ference 
spectroscopy. A typica l di f ference spectrum of BSA 
obtained in 9 M urea is shown in F ig . 22. The 
di f ference spectrum is characteristic of denaturation of a 
protein. There is a clear cut trough at 288 nm and a 
shoulder at 281 nm. The absence of a trough in the 
wavelength range 290-292 nm may be attributed to 
exposed nature of both the tryptophan residues of BSA 
(Herskovits and Laskowski, 1962; Herskovits, 1967; 
Steinhardt et al . ,1971). 
(114) 
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Fig.22: Urea induced dif ference spectrum of BSA in 9 M urea. 
The di f ference spectrum was obtained by subtracting 
the absorbance of native BSA in sodium phosphate 
buf fer , pH 7.0, I = 0.15 from that of BSA in 9 M 
urea. Protein concentration was 2.4 mg/ml. 
(115) 
Urea induced transition in various albumin 
preparations was studied at di f ferent urea concentrations 
in the range of 0.5 to 10 M. The parameter for 
measuring unfolding ( y ) was ^ O . D . (288 nm) (d i f ference 
in absorbance at 288 nm of native and unfolded state ) . 
The A O.D. (288 nm) values for BSA and its modified 
forms were plotted against urea concentration. The 
values characteristic of native state (Vj^) and unfolded 
or denatured state (y^^) were obtained by extrapolation 
of l inear portions of pretransition and posttransition 
regions (Pace, 1986) into the transition region. The 
fraction denatured (f^^) at each urea concentration was 
calculated with the help of equation 8. 
The transition curves for BSA and its modified 
der ivat ives were constructed by plotting f^ ^ versus urea 
concentration and are given in F ig . 23. Although the 
curves appear to represent a two state (N TT^D) 
transition process, a close examination of the curves 
shows that they are not steep enough in the transition 
region to represent a two state denaturation process. It 
is reasonable to assume that there is some intermediate 
stage in the unfolding path way which is not stable 
enough to be detected by our technique. Similar results 
have also been obtained by Wallevik (1973) with human 
serum albumin. Several workers have suggested that 
(116) 
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Fig.23: Urea induced transition curves of BSA ( ) , 
Act-BSA ( ) , Car-BSA ( ) , Gua-BSA ( ) and 
Suc-BSA ( ) . The fract ion denatured (f j^) at each 
denaturant concentration was calculated by equation 
9. 
(117) 
denaturation of serum albumin is a two stage process 
but none has depicted the intermediates c lear ly 
(Tanford, et al.,1967 a & b, Wallevik, 1973; Aoki, et 
al . ,1974). 
Measurement of conformational s tab i l i ty : 
The urea induced transition data were analysed 
by a two state model (Tanford, 1968; Pace, 1975, 1986). 
Although there is some ambiguity regarding the 
existence of intermediates, a two state model was 
employed for the thermodynamic analysis of the 
denaturation curves. The aim of this treatment is to 
compare the stabi l i ty of BSA and its modified 
der ivat ives . 
At each transition point, an equilibrium constant 
(Kj^) between folded and unfolded states and free 
energy of unfolding was calculated from the fol lowing 
equations: 
S = V ^ - ^ D (24) 
K^ = e- ^ ^ D ^ T 
AG j ^ = -RTlnK^ (26) 
The free energy change in the absence of urea (Z i j vG^ ) 
was calculated from values by the fol lowing two 
methods: 
(118) 
( a ) Linear extrapolat ion: 
The simplest method of estimating free energy of 
stabi l ization is to assume that the l inear dependence of 
A Q 
D inthe transition region continues to zero urea 
concentration (Pace, 1975, 1986). The free energy of 
stabi l ization was obtained from the intercepts of the 
plot,s o f G j ^ against urea concentration (see F ig . 24). A 
least squares f i t of the data gave the fol lowing 
equation: 
A G q = AG j^ + m(urea) (27) 
where m is the slope of the plot and is a measure of 
dependence of ^ G^ ^ on urea concentration. Another 
useful parameter, Di , i . e . denaturant concentration at 
the mid point of transition was obtained from the plots 
at = 1 or A g ^ = 0. The values of A g ^ P and D^  D D D 2 
for BSA and its modified forms are shown in Table X I I . 
A value of 3.16 K ca l . mole ^ for BSA seems to be 
s igni f icant ly lower as compared to 5-15 K cal . mole ^ 
recommended for globular proteins. However, it is well 
established that the method of l inear extrapolation 
leads to lowest estimates of Ag^Z'^  (Pace 1975, 1986). 
As can be seen from Table X I I , Act-BSA, Car-BSA, 
Gua-BSA and Suc-BSA are less stable than BSA by 694, 
268, 514 and 1658 cal . mole ^ at zero urea 
concentration. At mid point of transition the dif ference 
(119) 
Urea(M) 
Fig.24: Plot of versus urea concentration. The various 
protein preparations are: BSA ( — 
( ) , Car-BSA ( ) , Gua-BSA 
Suc-BSA(- ) . 
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in stabi l i ty was calculated by multiplying D^  by m and 
it became clear that BSA is more stable than Act-BSA, 
Car-BSA, Gua-BSA and Suc-BSA by 344, 130, 229 and 
1320 ca l . mole ^ respect ive ly . From Dj values it is 
2 
evident that the transition curves undergo a shift 
towards lower urea concentration in case of modified 
BSA preparations. The Di values decreased in the 
2 
order of BSA > Car-BSA > Gua-BSA > Act-BSA > Suc-BSA. 
(b ) Denaturant binding model: 
In this method, ^ ^^ ^ was calculated on the 
basis of binding of urea to folded (nat ive ) and 
unfolded albumin molecules using the fol lowing equation 
propsed by Tanford: 
Ag^ = Ag^z^- A n R T l n ( l + K a ) (28) 
where A n is the di f ference in the number of binding 
sites between unfolded and folded states, K is the 
average equilibrium constant for binding at each site 
and a is the mean ion act iv i ty of urea. The act iv i ty 
of urea at di f ferent molarities was calculated by the 
fol lowing equation (Bower and Robinson, 1963): 
a = 0.9815 (M) - 0.02978 (M)^- 0.00308(M)^ (29) 
The values of K for urea were taken to be 0.1 M ^ and 
1.0 M ^ (Pace, 1975, 1986). The results are shown 
calculated by this model are given in Table X I I . The 
graphica l ly in F igs . 25 and 26. The A values 
denaturant binding model g ives best estimates of A G^i^ 
(122) 
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Fig.25: Estimation of ^G^P by denaturant binding model at 
- 1 
a K value of 0.1 M . For detai ls see text. The 
representation of various albumin preparations is 
same as in F ig . 24. 
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Fig.26: Estimation by denaturant binding model at 
a K value of 1.0 M The representation of various 
albumin preparations is same as in F ig . 24. 
(124) 
at K = 1.0 A value of 6.23 K cal . mole"^ for BSA 
is well in the range of 5-15 K cal . mole ^ for globular 
proteins. The other modified derivatives showed lower 
H O 
AG"^.^-' values as compared to BSA. The maximum 
decrease in the free energy of stabil ization was 
observed in the case of Suc-BSA der ivat ive which is 
reasonable in view of the data on hydrodynamic 
properties and proteolytic digestion. The Car-BSA and 
Gua-BSA preparations showed only a marginal decrease 
in stabi l i ty which can be attributed to the fact that 
guanidyl group has the same charge as epsilon amino 
group and carbamyl group is small in size. Acetyl 
group is similar to carbamyl group in the sense that it 
replaces the positive charge by zero charge. However, 
it is more hydrophobic and its incorporation at the 
position of posit ively charged amino groups may be 
energetical ly unfavourable. The maximum loss of 
stabil i ty in case of Suc-BSA derivat ive is 
understandable as succinyl group replaces the positive 
charge on epsilon amino group by a negative charge. 
In addition it is largest of the four modifying groups 
used in this study. 
(125) 
10. Bilirubin-albumin interaction: 
The binding of bi l i rubin with BSA and its four 
modified der ivat ives was studied by v is ib le 
spectroscopy and fluorescence quenching. 
( a ) Visible spectroscopic method: 
The v is ib le absorption spectra of b i l i rubin and 
bilirubin-BSA complex are shown in F i g . 27. The 
aqueous bi l i rubin solution gave an absorption maximum 
at 440 nm. The addition of equimolar amount of BSA 
produced a bathochromic ( red) shift of 25 nm in the 
absorption spectrum of bi l i rubin (see F i g . 27). This 
red shift is associated with the binding of b i l i rubin to 
BSA or HSA and has been observed by several workers 
(Berde et al.,1979; Jacobsen amd Brodersen, 1983; 
Tayyab and Qasim, 1987). Addition of modified 
albumin der ivat ives to b i l i rubin solution was also 
produced qual i tat ive ly similar red shift as observed in 
the case of native BSA. However, the extent of red shift 
was lower in the case of modified albumins. The 
v is ib le di f ference spectra of complexes of b i l i rubin with 
BSA and its modified forms obtained at pH 8.0, I = 
0.15 are shown in F igs . 28 to 32. The di f ferent 
spectra were recorded by measuring absorbance of 
(126) 
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Fig.27: Visible absorption spectra of b i l i rubin (1) and 
bil irubin-albumin complex (2) obtained in sodium 
phosphate buffer , pH 8.0, I = 0.15. The 
bilirubin/albumin ratio was 1.0. The concentration 
. -6 M. 
of bi l i rubin was 14.92 x 10 
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Fig.28: Visible di f ference absorption spectra of nat ive BSA 
bi l i rubin complexes obtained in sodium phosphate 
buf fer , pH 8.0, I = 0.15. The di f ferent B/A ratios 
were: 0.5 ( ) , 1.0 ( ) , 1.5 ( ) and 2.0 
( ) protein concentration was 1.03 mg/ml. 
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Fig.29: Visible di f ference spectra of Ac t -BSA -b i l i rubin 
complexes obtained in sodium phosphate buf fer , pH 
8.0, I = 0.15. Protein concentration was 1.09 mg/ml. 
Different curves have the same signi f icance as in 
Fig.28. 
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Fig.30: Difference spectra of Car-BSA-bilirubin complexes 
obtained in sodium phosphate buf fe r , pH 8.0, I = 
0.15. Protein concentration was 1.07 mg/ml. 
Different curves have same signi f icance as in F ig . 
28. 
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Fig.31: Difference spectra of Gua-BSA-bilirubin complexes 
obtained in sodium phosphate buf fer pH 8.0, I = 
0.15. Protein concentration was 1.01 mg/ml. The 
representation of curves is same as in F ig . 28. 
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Fig.32: Visible di f ference spectra of Suc-BSA-bilirubin 
complexes obtained in sodium phosphate buf fer , pH 
8.0, I = 0.15. Protein concentration was 0.99 mg/ml. 
Different symbols have the same signi f icance as in 
F i g . 28. 
(132) 
bi l irubin-albumin complexes using bi l i rubin solutions of 
identical concentration as blank. The bi l i rubin binding 
was expressed in terms of di f ference spectral change at 
480 nm, O.D. (480 nm). The O.D. (480 nm) values 
for four modified BSA der ivat ives were converted into per 
cent di f ference spectral change at 480 nm re lat ive to 
that of native BSA which was taken to be 100%. The 
results are summarized in Table X I I I . There is a 
decrease in di f ference spectral magnitude of modified 
albumin der ivat ives , the decrease being maximum in case 
of Suc-BSA and minimum in case of Gua-BSA. Car-BSA 
showed about the same extent of change. 
(b ) Fluorescence quenching studies: 
The fluorescence quench titration of BSA and its 
modified forms with bi l i rubin was performed in sodium 
phosphate buffer in pH 8.0, I = 0.15 as described in the 
experimental section. The emission spectra of BSA with 
increasing concentrations of b i l i rubin are given in F ig . 
33.. The excitation wavelength was f ixed at 282 nm. 
The fluorescence intensity of each titration mixture was 
recorded at 340 nm and was converted to re la t ive 
fluorescence units assuming the fluorescence in the 
absence of bi l i rubin to be 100. Relative fluorescence 
(133) 
TABL - X I I I 
VISIBLE SPECTRAL DATA OF BILIRUBIN COMPLEXES WITH 
NATIVE AND MODIFIED BSA AT A BILIRUBIN/ALBUMIN RATIO 
OF 1 
P r o t e i n A0D (480 nm) % B ind ing 
P r e p a r a t i o n s ^ 
Native BSA 0.429 100 
Act - BSA 0.245 54.2 
Car - BSA 0.231 54.9 
Qua - BSA 0.372 85.5 
Sue - BSA 0.152 36.2 
*Percent binding was calculated from increase in 
absorbance at 480 nm re lat ive tonative BSA which was 
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Fig.33: Emission spectra of BSA in absence (upper most 
curve) and presence of b i l i rubin (rest of the curves) 
obtained in sodium phosphate buf fer , pH 7.0, I = 
0.15. The excitation wavelength was 282 nm. The 
molar ratios of bi l i rubin to albumin were : (from top 
to bottom) 0, 0.079, 0.158, 0.238, 0.317, 0.396, 
0.476, 0.555, 0.634, 0.714, 0.793, 0.872, 0.952, 1.031, 
1.109, 1.189, 1.268, 1.427, 1.585, 1.74 and 1.983. 
The abscissa and ordinate represent wavelength (nm) 
and re lat ive fluorescence respect ive ly . 
t , 
I'-. 0 „ 
.d i>; •^t f: .. I-1 
' 6 . 0 
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units were plotted against the bilirubin/albumin (B/A) 
ratio to construct a quench curve. The fluorescence 
quench curves for BSA and its modified forms are given 
in Figs. 34 to 38. As can be seen there is a decrease 
in the extent of quenching in case of modified albumin 
der ivat ives as compared to native BSA. The extent of 
fluorescence quenching was minimum in case of Suc-BSA. 
To invest igate the role of electrostatic factors, the 
fluorescence quenching of native BSA and Suc-BSA was 
also studied at a higher ionic strength ( i . e . 1 .0 ) . 
There was a sl ight decrease in the extent of quenching 
in case of nat ive BSA which may be due to ionic 
strength dependent bi l i rubin binding. On the contrary, 
a marginal increase in the fluorescence quenching 
with Suc-BSA was observed. Since increase in ionic 
strength may induce sl ight re fo ld ing in Suc-BSA 
der ivat ive , there wi l l be an increase in fluorescence 
quenching due to improved bi l i rubin binding. 
The results of fluorescence quench titration were 
analysed by equation 13. The plots of Q/[B] against Q 
for native and di f ferent modified preparations are 
given in F igs . 34 to 38. The a f f in i t y constant (K ) 
was determined from the slope of the above mentioned 
Scatchard plots by the method of least squares. The 
values of a f f in i t y constants are given in Table XIV. 
7 -1 BSA gave an a f f in i ty constant of 1.19 x 10 l i t re mole 
(136) 
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,-6. ,34: (A) Fluorescence quench titration of BSA (6.56x10 M) 
with increasing amounts of b i l i rubin. The B/A rat io 
was in the range of 0-2.0 (see legend toFig. 33). 
The ionic strengths were 0.15 ( ) and l.OC ) 
(B) Scatchard plots for the interaction of bi l i rubin 
with albumin at ionic strengths of 0.15 ( — 
1.0 ( ) . Protein concentration was 6.56 x 10 
) and 
- 6 
M. The data of F ig . 34A were treated according to 
the equation 13. 
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Fig. 35: (A) Fluorescence quench titration of Act-BSA 
(6.64 X 10 ^ M) with increasing amounts of 
bi l irubin. The B/A ratios were in the range of 
0-2.0 (see legend to Fig .33) . 
(B) Scatchard plot for the interaction of bil irubin 
with Act-BSA. The concentration of Act-BSA was 
6.64 X M. The data of F ig . 35 A were 
treated according to the equation 13. 
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Fig.36: (A) Fluorescence quench titration ofCar-BSA 
Fig.36: (A) Fluorescence quench titration of Car-BSA 
(7.02 X 10 ^M) with increasing concentrations of 
bi l irubin. The B/A ratio was in the range of 
0-2.0 (see legend to Fig.33) . 
(B) Scatchard plot for the interaction of bil irubin 
with Car-BSA. The concentration of Car-BSA was 
7.02 X 10~® M. The data of F ig . 35 A were 
treated according to equation 13. 
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Fig.37: (A) Fluorescence quench titration of Gua-BSA (7.36 x 
10 ^ M) with increasing amounts of b i l i rubin. The 
B/A ratio was in the range of 0-2.0 (see legend to 
F ig . 33). 
(B) Scatchard plot for the interaction of Gua-BSA 
with bi l i rubin. Protein concentration was 7.36 x 
10 ^^. The data of F ig . 37Awere treated according 
to the equation 13. 
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Fig,38: (A) Fluorescence quench titration of Suc-BSA (6.86 x 
10 with increasing amounts of bi l irubin at two 
ionic strengths of 0.15 ( ) and 1.0 ( ) . The 
B/A was in the range of 0-2.0 (see legend to 
F ig .33) . 
(B) Scatchard plots for the interaction of bi l irubin 
with Suc-BSA at two ionic strengths of 0.15( ) 
and 1.0( ) . Protein concentration was 
6.86xlO~®M. The data of F i g .38A were treated 
according to equation 13. 
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TABLE - XIV 
BINDING PARAMETERS FOR THE INTERACTION OF BILIRUBIN 
WITH BSA AND ITS MODIFIED FORMS OBTAINED BY 
FLUORESCENCE QUENCHING 
P r o t e i n A f f i n i t y Constant K^ ( l i t r e mole"^) 
P r e p a r a t i o n s I = 0.15 1 = 1.0 
Nat ive BSA 1.188 x lo"^ 1.056 x lo"^ 
Act - BSA -1.25 X 10^  
Car - BSA 1.306 x 10^ 
Qua - BSA 4.11 x 10® 
Sue - BSA 1.03 X 10^ 1.16 x 10^ 
(142) 
for b i l i rubin which is f a i r l y close to the value of 2.0 x 
7 -1 10 l i t re mole reported ear l ier (Reed and Peters, 
1978). But as can be seen in Table XIV there is a 
s igni f icant decrease in a f f in i ty constants for modified 
albumin der ivat ives . Interest ingly , the decrease was 
minimum in case of Gua-BSA (about three f o ld ) . Car-BSA 
and Act-BSA preparations showed about 100 fold decrease 
in a f f in i t y constants which is quite s igni f icant , keeping 
in view the data on conformation and stabi l i ty which 
show that there is only a sl ight conformational change 
in these preparations. Suc-BSA showed an even greater 
decrease in binding a f f in i ty ( 120 f o l d ) . At higher 
ionic strength there was a decrease in the binding 
constant of native BSA from 1.19 x 10^ l i t re mole"^ to 
1-06 X 10^ l i t re mole which is probably due to the 
involvement of electrostatic component in 
bilirubin-albunin interaction and is in excellent 
agreement with the result of Jacobsen (1977) on the 
interaction of bi l i rubin with HSA. However, Suc-BSA 
preparation showed an increase in a f f in i t y constant 
from 1.03 x 10^ l i tre mole" to 1.16 x 10^ l i t re mole"^ at 
higher ionic strength. 
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constant of nat ive BSA from 1.19 x 10 l i t re mole to 
1-06 X 10^ l i t re mole which is nrobably due to the 
involvement of e lectrostat ic component in 
bilirubin-albumin interaction and is in excel lent 
agreement with the result of Jacobsen (1977) on the 
interaction of b i l i rubin with HSA. However, Suc-BSA 
preparat ion showed an increase in a f f i n i t y constant 
from 1.03 x 10^ l i t re mole" to 1.16 x 10^ l i t re mole ^ at 
higher ionic strength. 
D I S C U S S I O N 
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Chemical modification of lysine residues in 
proteins is an attract ive means by which their role in 
protein structure and function can be studied. 
However, in chemical modification studies nonspecif icity 
of modifying agents and hence side reactions are 
often the major problems. Fortunately, for lysine side 
chain a number of f a i r l y specif ic modifying reagents 
d i f f e r ing in size and charge are ava i lab le whose action 
can mainly be directed towards C -amino groups of 
lysine residues under controlled experimental conditions. 
In this thesis results on the chemical modification of 
buried lysine residues of bovine serum albumin with 
di f ferent reagents are described. Earl ier results from 
this laboratory (Tayyab and Qasim, 1986) as well as 
from other laboratories (Jonas and Weber, 1970) have 
suggested that about 80% of the ^ -amino groups of 
lysine in BSA are exposed and rest are buried. In 
order to understand the. role of buried lysine residues in 
the structure and bi l i rubin binding of BSA, a strategy 
for modification of only these lysine residues was 
employed. F i rs t ly , a l l of the exposed lysine residues 
were modified by a reagent which can be reversed under 
mild conditions. This was followed by the desired 
modification of remaining lysine residues. F ina l ly , the 
(145) 
f i rs t modification was reversed under the conditions 
which do not ef fect the second modification. The success 
of this strategy and hence the results obtained from this 
study strongly depend upon uniform modification of 
lysine residues by reversible modifying reagent i . e . 
citraconic anhydride and its 100% revers ib i l i ty under 
mild experimental conditions. The later point has been 
demonstrated by a number of workers in ear l ier studies 
on other proteins (Dixon and Perham, 1958; Habeeb and 
Atassi, 1970). In my prel iminary experiments I found 
that citraconylated albumin l ike other proteins can be 
completely decitraconylated under mild conditions (see 
results) and that the decitraconylated albumin was 
identical to native albumin. An equal ly v i t a l point was 
uniform chemical modification. The purity of 
preparation after f i rs t modification was checked by 
polyacrylamide gel electrophoresis at di f ferent pH values 
as well as by gel f i l t rat ion and was found to be 
homogenous by both of these cr i ter ia . Usually, it is 
hard to get a uniform chemical modification on a 
protein. However, in bovine serum albumin the 
react iv i ty of exposed and buried lysine residues seems to 
be distinctly di f ferent and hence it is probable that no 
or very few of the internal lysine residues are attacked 
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before al l the exposed lysines are modified. The four 
modifications attempted on 80% citraconylated albumin 
included acetylat ion, carbamylation, guanidination and 
succinylation. Under the experimental conditions used in 
this study both guanidination and carbamylation are 
f a i r l y speci f ic for amino groups (Roche et al.,1954; 
Kimmel, 1967; Stark, 1965, 1972; Hofstee, 1968; Nakagawa 
et al . ,1972). On the other hand, both acetylation and 
succinylation reactions are not so specif ic and in 
addition to amino groups a s igni f icant modification can 
also occur on the side chains of tyrosine, serine and 
threonine (Riordan and Vallee 196A, 1972). Succinylated 
der ivat ives of serine, threonine and tyrosine are 
unstable and immediately hydrolyse during chemical 
modification (Chang and Sun, 1978) whereas acetylation 
at these residues was reversed by treating the protein 
with 1 M hydroxylamine (Riordan and Vallee, 1967 b ) . 
After the second modification the c i traconyl 
groups were removed under mild experimental conditions. 
As can be seen in the results the theoretical ly expected 
value of modification after decitraconylation i . e . 20% 
agreed well with the experimentally determined values. 
The s l ight ly higher extent of modification in 
guanidinated albumin (27%) may be due to prolonged 
reaction time (96 hours) during which a few citraconyl 
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groups may get hydrolysed (Habeeb and Atassi, 1970) 
leading to guanidination at the newly l iberated free 
amino groups. Further al l of these modified 
preparations gave a single symmetrical peak on gel 
f i l t rat ion and only one band on polyacrylamide ge l 
electrophoresis. At pH 8.3 at which electrophoresis was 
performed the net negative charge on di f ferent albumin 
preprations would be in the order: Suc-BSA > Act-BSA, 
Car-BSA > Gua-BSA, native BSA. Hence it is not 
surprising that Suc-BSA and nat ive BSA had lowest 
electrophoretic mobil ity. I t may, however, also be 
pointed out that in addition to charge electrophoretic 
mobility also depends upon the hydrodynamic volume of 
the protein. Increase in hydrodynamic volume leads to 
decrease in electrophoretic mobility of a protein due to 
a greater s ieving e f fect . Therefore, in addition to 
charge the eletrophoretic mobility in modified albumins 
may in part also be contributed by conformational 
changes as a result of modification. As shown in 
results section ( by di f ferent techniques) the 
conformational changes in modified albumins were small. 
In each of the modified preparation only about 
20% (12-16) of the amino groups have been modified and 
since each modification increases the molecular weight 
by only about 40-100, their contribution to the molecular 
weight of albumin would be neg l ig ib le for a l l purposes. 
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This is obvious from the gel f i l t rat ion results of 
modified albumins on cal ibrated Sephadex G-200 column, 
where native acetylated, carbamylated and guanidinated 
albumins had, within experimental error, identical 
elution volume. This result on one hand suggests that 
the small increase in molecular weight 'of these 
preparations has no ef fect on their elution volume and 
since elution volume of a protein from gel f i l t rat ion 
column strongly depends upon its Stokes radius, these 
results in turn also rule out major conformational 
changes in these modified preprarations. The behaviour 
of Suc-BSA was, however, dist inctly di f ferent in the 
sense that it eluted before native or any other modified 
albumin. Since in this case just l ike in other modified 
albumins, the increase in molecular weight is neg l ig ib le , 
the decrease in elution volume may be attributed to 
conformational changes in the protein molecule and hence 
an increase in Stokes radius. These results have both 
experimental and theoretical just i f icat ion. 
Experimentally it has been found in a number of studies 
that succinylation of proteins produces greater 
conformational changes than any of the other three 
modifications attempted in this study. This is 
understandable since succinylation increases the net 
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negative charge of the protein at neutral pH by two 
units per group introduced as compared to acetylation 
and carbamylation which increase it by one unit and 
guanidination which has no effect on net protein charge. 
Hence, increase in electrostatic free energy in Suc-BSA 
wi l l be greater than in any other modified albumin. 
Intr insic viscosity which is a much more 
sensitive measure of conformational changes was able to 
detect sutble conformational changes in carbamylated, 
guanidinated and acetylated albumins. This result 
should not be seen as contradiction of gel f i l t rat ion 
results. In fact , it represents greater sensit iv i ty of 
intrinsic viscosity to conformational changes than gel 
f i l t rat ion. Intr insic v iscosity results also indicated 
greater conformational changes in succinylated albumin 
than any of the other three modified preparations. A 
point of interest here is the magnitude of conformational 
changes. For example, a cross-linked random coil 
albumin as obtained in 6 M guanidine hydrochloride has 
an intrinsinc viscosity of 23.3 ml/g (Tanford, 1968) as 
compared to 4.8 ml/g obtained for succinylated albumin 
(nat ive albumin has an intrinsic viscosity of 3.6 ml/g) . 
Obviously conformational changes in modified albumins 
are very small and these proteins are l ike ly to behave 
more l ike native than denatured proteins. 
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Bovine serum albumin contains 19 tyrosine 
residues and 2 tryptophan residues, out of which about 
13 tyrosines are bel ieved to be buried in the protein 
interior (Herskovits and Laskowski, 1962). On the 
other hand both the tryptophans are exposed (Sogami 
and Ogura, 1973). Denaturation by 9 M urea and 
consequent exposure of tyrosyl residues produced a 
s igni f icant blue shift in the spectrum and a trough at 
about 286 nm in the dif ference spectrum. The absence 
of any feature around 292 nm is understandable and is 
indicat ive of very l i t t le change in the environment of 
tryptophan residues. With the exception of succinylated 
albumin none of the other modified albumins showed any 
s igni f icant spectral feature. This is not surprising in 
view of the gel f i l t rat ion and intrinsic v iscosity results. 
Another possible reason for di f ference spectrum in 
modified proteins which is not being emphasized here is 
the modifiction of lysines which are close to tyrosine 
residues in native protein. Usually such ef fects are 
much smaller as compared to unfolding e f fects . 
The immunological react iv i ty of a l l the modified 
albumin preparations was substantial against anti-BSA 
antiserum. Both by immunodiffusion and quantitat ive 
precipit in t itration guanidinated, carbamylated as well 
as acetylated albumins appeared to be identical to the 
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native protein indicat ing v i r tua l l y no change in the 
antigenic determinants of these proteins. Succinylated 
albumin again behaved di f ferent ly in the sense that it 
had lower but st i l l substantial cross react iv i ty against 
anti-BSA antiserum. . Since the antigenicity of a protein 
depends on the three dimensional conformation (Arnon, 
1974; Atassi, 1975; Arnon, 1983), i t can be presumed 
that substantial residual structure is retained even in 
case of Suc-BSA der ivat ive which shows maximum 
conformational changes out of the four modified 
albumins. 
Conformational f l ex ib i l i t y of BSA and its modified 
der ivat ives was checked by proteolytic digestion with 
trypsin and chymotrypsin. Most of the globular proteins 
are resistent to proteolytic attack due to their compact 
and folded three dimensional structure and 
nonavai lab i l i ty of susceptible peptide bonds for 
proteolytic attack. However, BSA shows some 
susceptibil ity to proteolysis. After chemical modification 
albumin der ivat ives became more susceptible to 
proteolytic attack which suggests that these der ivat ives 
d i f f er in conformation from native BSA. Maximum 
susceptibi l i ty was noted in case of Suc-BSA which showed 
a marked change in the e f fect ive rate constant for both 
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tryptic as well as chymotryptic digestion. In the other 
three der ivat ives there was only sl ight change when 
compared to native albumin. I t is d i f f i cul t to quanti fy 
these results in terms of conformational change or 
stabi l i ty of these proteins. However, in principle they 
agree with what has already been said about the 
conformational changes in these modified albumins. 
Further, as described in the fol lowing pages 
succinylated albumin is less stable than any of the 
other three modified or native albumin. This could be 
the main reason for its greater susceptibil ity to 
proteolytic enzymes. 
In view of the well accepted belief that proteins 
have densely packed structure, it would be of interest 
to know how the protein stabi l i ty would be effected if 
some of the groups in the protein interior are modified. 
In the present work the comparison of stabi l i ty was 
performed by studying urea denaturation of native and 
various modified albumins. The major problem in 
denaturation studies is the treatment of denaturation 
data and calculation of free energy of denaturation. 
While the usual f igure for proteins is 5-15 K cal/mole, 
the f igure for the same protein sometimes d i f f ers 
s igni f icant ly depending upon the type of treatment used 
for calculation. Fortunately, in the present case it 
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does not matter so much as to what is the actual free 
energy change in each case rather it is the di f ference 
in the free energy between native and modified albumins 
which is of interest. -As described-in the results section 
two well known methods of denaturation data treatment 
were attempted and although the two methods gave 
di f ferent absolute values the re lat ive changes were the 
same. 
As can be seen from the results a l l the four 
modified albumins had lower stabi l i ty as compared to 
native protein. The stabi l i ty decreased in the order 
native > Car-BSA > Gua-BSA > Act-BSA > Suc-BSA. The 
least stabi l i ty of Suc-BSA was a foregone conclusion 
since in this case a posit ive charge on lysine is being 
replaced by a negat ive charge. A similar reasoning 
would explain lower stabi l i ty in acetylated and 
carbamylated BSAs. However, lower stabi l i ty of Gua-BSA 
cannot be explained on the basis of charge since it has 
the same charge as native protein. A simple minded 
assumption would be that Gua-BSA should have the 
highest stabi l i ty among the four modified albumins. 
However, as can be seen from the results. Car- BSA 
appears to be the most stable although the di f ference in 
the stabi l i ty of Gua-BSA and CarBSA is small. Carbamyl 
group is f a i r l y hydrophil ic and is smallest of the four 
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modifying groups introduced in this study. Thus it is 
possible that i ts introduction causes minimum steric 
hindrance. On the other hand although Gua-BSA retains 
the posit ive charge carried by epsilon amino group, its 
larger size may nu l l i f y the advantage of retaining the 
posit ive charge. 
The results on the interaction of b i l i rubin with 
albumin were in good agreement with published results 
from this (Tayyab and Qasim, 1987) and other 
laboratories (Jacobsen, 1977,1978; Berde et a l . , 1979; 
Jacobsen and Brodersen, 1983). Earl ier studies from 
this laboratory (Tayyab and Qasim, 1987) on the 
succinylated albumins indicated that none of the exposed 
lysine residues were involved in this interaction and 
that the decrease in interaction was mainly due to the 
conformational changes in the protein. The modified 
albumin der ivat ives obtained in this study had an added 
advantage in the sense that: 1. only buried lysine 
residues were modified, and 2. conformational changes 
were very small. As can be seen from the results the 
decrease in association constant in modified albumins 
(except Gua-BSA) is of the order of 2 magnitudes. Since 
the conformational changes in these modified albumins as 
judged by di f ferent techniques were small the major 
contributing factor for this decrease would be the 
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modification of lysine side chain per se rather than the 
conformational changes. Interest ingly , guanidinated 
albumin where the posit ive charge on ^ -amino groups is 
retained after modification, showed a decrease in 
a f f in i ty constant by a factor of only 3. I t seems 
plausible to assume that this decrease is due to small 
conformational change in this protein and/or bi l i rubin 
binding site. Further in view of the fact that the 
extent of conformational changes in acetylated, 
carbamylated and succinylated albumins and the size of 
modifying groups in them is nearly the same as in 
Gua-BSA, it would be reasonable to attribute the 
decrease in binding in the later three preparations to 
the loss of salt br idge formation between the two 
carboxylate ions of bi l i rubin and -amino groups of 
albumin. The free energy in the interaction of bi l i rubin 
and albumin (or modified albumins were calculated using 
the relat ion: 
A G = -RT in K (30) cL 
where K is the binding constant and the other three 
terms have their usual s igni f icance. The values of free 
energy thus obtained are given in Table XV. The 
dif ference in free energy between acetylated, 
carbamylated and succinylated albumins with that of 
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TABLE - XV 
VALUES OF FREE ENERGY, G FOR THE INTERACTION 
OF BILIRUBIN WITH BSA AND ITS MODIFIED FORMS AT 
TWO DIFFERENT IONIC STRENGTHS 
Protein A G ( K cal mole) 
Preparations I = 0.15 1 = 1 . 0 
Native BSA 9.71 9.64 
Act - BSA 6.99 
Car - BSA 7.02 
Gua - BSA 9.08 
Sue - BSA 6.88 6.95 
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native albumin would ref lect the free energy contribution 
of the two salt br idges between bi l i rubin and albumin. 
This value is within the range of values calculated for 
I -
salt bridges in proteins. 
A brief review of l i terature on the interaction of 
bi l i rubin with albumin would be of interest here. The 
f i rst detailed study on the role of di f ferent amino acid 
side chains on the interaction of b i l i rubin with HSA was 
performed by Jacobsen (Jacobsen, 1972). He concluded 
that lysine residues may be less important than 
arginine, histidine and tyrosine residues in this 
interaction. The novel approach of a f f in i t y labe l l ing 
used by Jacobsen (1978) not only was more direct but 
also embled this author to ident i fy the position of this 
lysine residue (Lysine 240) in the primary structure of 
HSA. However, Brown and Shockley (1982) considered 
this result to be inconclusive owing to the experimental 
uncertainty of composition of the label led peptide. It 
should be pointed out that most of the studies have been 
performed on HSA which is highly homologous to BSA. 
The position equivalent to 240 in HSA is lysine 238 in 
BSA. Thus according to the results of Jacobsen this 
residue would probably be involved in interaction with 
b i l i rubin. However, there seems to be no general 
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consensus as to which lysine residue is involved in this 
interaction. For example, studies by equal ly careful 
workers have suggested involvement of lysine 220 in BSA 
(Jori et a l . , 1980; Peters, 1985) and lysine 195 in HSA 
(Reed and Mackay, 1985). Despite the disagreement 
about the identi f icat ion of lysine residue in the primary 
sequence of BSA or HSA which is involved in the 
interaction with bi l irubin there is l i t t le dispute about 
the involvement of one or two lysine residues in this 
interaction. F ina l l y , it would be of interest to note 
that (Brodersen, 1979 a) the association constant between 
bi l i rubin and albumin remains unchanged upto pH 11.3. 
It is d i f f i cu l t to understand this result unless the 
lysine residues involved have unusually high pK values. 
The results described in this thesis strongly suggest 
that lys ine residues involved in this interaction are 
buried in the protein. These lysine residues are 
probably involved in salt br idge formation with carboxyl 
groups of protein. Titration studies have revealed that 
there are several carboxyl groups in native BSA, which 
have low pK values (V i ja i and Foster, 1967) supporting 
this contention. 
The mechanism of interaction between bi l i rubin 
and albumin is not known in its fu l l detai ls. Kinetic 
studies show that this interaction is biphasic invo lv ing 
(159) 
a fast phase and a slow phase in which relaxat ional 
changes in albumin molecule over a period of 500 sec. 
take place. The second phase is believed to involve 
rotation of one half domain of albumin binding one 
dipyrrole ring of bi l irubin re lat ive to other half domain 
binding second dipyrrole ring of b i l i rubin. It is 
probable that during the conformational relaxation the 
buried lysine residues become accessible for interaction 
with bi l i rubin. 
(160) 
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ALTERED N - ^ F TRANSITION IN BOVINE SERUM ALBUMIN DIMER AND TETRAMER 
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SUMMARTt The monomer, dimer and tetramer of bovine serum albumin were 
separated by <?el filtration on a Sephacryl S_300 column. Their purity 
was established by gel filtration, polyacrylamide gel electrophoresis 
and SDS polyacry]amide sel electrophoresis. These preparations were 
identical in bilirubin binding, cross-reactivity against anti-bovine 
serum albumin antiserum and UV spectral features. However, the three 
preparations differed in their N transition. The mid points of the 
N*->F transitions for monomer, dimer and tetramer were found to be 3.75, 
3.60 and 3,40 respectively. We presume that intermolecular interactions 
and/or alterations in the pK values of carbo-xyl groups are responsible 
for increased stability in the case of dimer and tetramer. 
It is well known that upon storage bovine serum albumin undergoes 
aggregation into dimer, tetramer and probably other higher aggregates 
(l,2). Although these aggregates are mostly formed by covalent linka,<;es, 
their nature and the region of the albumin molecule involved in these 
assemblies are not known with certainty (3). Irrespective of the nature 
of these links and mechanism of their formation, it would be intere<!ting 
to study how, if at all, the properties of albumin are influenced upon 
aggregation. In this study we report our results on some of the 
physicochemical properties and N t r a n s i t i o n in monomer, dimer and 
tetramer of bovine serum albumin. 
MATERIALS AND METHODS 
Bovine serum albumin fBSA), ovalbumin, chymotrypsinogen A, porcine 
gamma globulin, catalase, ferritin, Sephadex G-I'jO and Sephacryl S-300 
were purchased from Sigma Chemical Co., U.S.A. Bilirubin was a product 
of Gedeon Richter Ltd., Hungary. Reagents used in polyacrylamide gel 
electrophoresis were the same as reported earlier (4). Other chemicals 
used in this study were generally of AR grade. Rabbits weighing 1.5-2 
Kg were used for immunization against bovine serum albumin monomer using 
alum as adjuvant (S). 
Purification of Monomer, Dimer and Tetramer; The monomer, dimer and 
tetramer of BSA were obtained by column chromatography of Sigma BSA 
preparation on a Sephadex R-ISO column (96 x 2.3 cm) in 0.06M sodium 
phosphate buffer, pH 7.0. Three peaks corresponding to Ve/Vo ratio of 
§ 
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1.02, 1,29 and 1.63 were obtained. The protein of each peak was pooled 
separately and further purified by rechromatographing them twice on a 
Sephacryl S_300 column (75 x 1.75 cm) equilibrated with sodium phosphate 
buffer, pH 7.0. 
Physicochemical Properties; The physicochemical properties such as 
molecular weight, ^ spectral properties, bilirubin binding and cross 
reactiritv against anti-BSA monomer antiserum were studied by standard 
procedures as described earlier from this laboratory (6) and from other 
laboratories (7,R). 
N-^-^P Transition; The transition was studied by difference spectral 
method ( 9 ). The unbuffered protein solution in 0.15 M NaCl was titrated 
with 0.2 M HCl to the desired pH value (between pH 5,0 and 3,2) and the 
UV spectra of these prenarations were recorded against the same protein 
solution in 0,15 M NaCl and having identical protein concentration. 
The spectral measurements were made on a •'Shimady.u double beam 
spectrophotometer irV-150_02, 
RESULTS AND DISCUSSION 
The monomer, dimer and tetramer of bovine serum albumin isolated 
as described above were found to be homogeneous or nearly so by the*" 
techniques of Sephacryl S-300 chromatography and polyacrylaraide gel 
electrophoresis in the absence and presence of sodium dodecyl sulfate 
(results omitted for brevity). Whereas the monomer and dimer gave a 
single symmetrical peak and only one protein band in these studies, the 
tetrameric preparation showed the presence of about 10^ impurity in the 
form of dimer and a higher aggregate. This preparation was however 
used without further purification, 
Physicochemical Properties; The various physicochemical properties of 
BSA monomer, dimer and tetramer such as molecular weight, UV absorption 
characteristic, bilirubin binding, and immunological cross reactivity 
against anti-BSA monomer antiserum are summarized in Table I. The 
molecular weight values of dimer (l40,000) and tetramer (277,000) are 
close to the theoretically expected values (134,000 and 268,000), 
Slight over estimation in the molecular weight value of dimer and tetramer 
by gel filtration can be explained in terms of increased asymmetry in 
the molecule upon nimerization and tetramerization. The UV spectral 
features and the visible difference spectra of the bi1irubin-albumin 
complex were identical in the three preparations. Further, precipitin 
titration atrainst anti-BSA monomer antiserum suggested that the 
disposition of antigenic determlnnnts is snme in the three pronarations. 
Though these techniques do not provide very sensitive measure of 
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TABLE I. Some physicochemica 1 properties of BSA monomer, dimer and tetramer, 
Properties Monomer Dimer Tetramer 
M o l e c u U r ITeiRht^ flT.OOO^ 140,000^ 277,000^ 
69,000^ 146,000 -iO-j.OOO 
OT Spectral Features Peak at 279 nni Peak at 279 nin Peak at 279 nm 
Trough at 252 na Trough at 252 no Trough at 253 nn 
B1lirubin-Albnmin Maximum at Maximum at Maximum at 
Spectral Features 465 nm 465 nm 465 nm 
Imnunological Cross 100^ 100<< 100'^ 
ReaetiTity Against 
Anti-BSA Monomer 
An ti se rum 
Mid Point of N-r^P •),75 3.60 3.40 
Transition 
'The standard proteins with their molecular weights in parentheses used 
for molecular weight determination were •chymotrypsinogen A (25,700), 
OTalbumin (-15,000), porcine enmmo globulin (205,000), catnlase (232,000), 
^and ferritin (440,000). 
Molecular weight values obtained by SDS-PAGR. 
Molecular weight ralues obtained bv gel filtration on Sephacryl S_300 
column (75x1 .7"! cm) . 
conformational alterations in the protein, nevertheless the fact that 
the three preparations are identical in these nroperties suP!o;ests that 
the albumin m(j^lecule does not nnderr;o any significant conformational 
changes upon af^grefration . It would be of interest to note here that 
frai^mentation (7,10) of RS \ into •several fraqraents also does not caiise 
Tnv significant change in their content of the secondary structure 
suggestine that the conformation of the different segments of the 
protein is locally determined which is apparently not influenced bv 
lonf rtinfe interactions. 
Nx—^F Transitiont All the three preparations gave qualitatively 
identical pH-induced difference spectra with a prominent neo;ative 
trough at 288 nm. The N^-^F transition curves obtained bv difference 
spectral measurements at 288 nm are shotm in Fig. 1. The mid point of 
the Nv—^F transition for monomer (3.75) is identical, within experimental 
error, to those (3.T - 4,l) reported earlier by the techniques of 
viscosity, electrophoresis, optical rotation and fluorescence quenching 
111-13). However, as can be seen the N v ^ F transition for BSA dimer 
and tetramer are significantly different and their mid points occur 
at lower pH values (3.6 and 3.'1 respectively) as compared to the 
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PiRure 1. N-^F transition in BSA monomer ( • ), dimer ( 3 ) and 
tetrawer ( O ) obtained at an ionic strength of 0.1^ and at 
2'i''c. Protein concentration in each case was 2- 2,6 rag/ml. 
monomeric preparation. Several lines of evidence have been presented 
(l4) which suggest that the N-^r-^F transition involves separation of 
domains or more precisely separation of the third domain from domain 
1 and 2 (15). This separation of domains has been postulated to 
result from nn increase in electrostatic repulsion owing to titration 
of certain carboxyl "roups in this pH range , The shift in the 
mid point of Nv-^F transition towards lower pH values in the dimeric 
and tetrameric oreparation would suggest stabilization of the 'N' 
form of the protein in these prepira+ions relative to the monomeric 
preparation. Two possible explanations for this shift in N 
transit!on can be given. First, the increased intermolecular 
interactions in dimer and tetramer could resist the formation of 'F' 
state. Second, dimerization and tetramerization could chanqe the 
microenvironment of the carboxyl croups (and hence their pK values) 
which are involved in N v"^F transition (l6). In the absence of detailed 
Itnowledsre of the nature of dimer and tetramer and their titration 
behavior a definite explanation cannot be given. However, it would be 
interestinqf to mention here that our unpublished results suggest that 
the two aggregated preparations are also stabilized towards guanidine 
hydrochloride induced dennt iiration of the protein. This latter 
observation sup^petts that a "enerali7ed increase in protein stability 
is occuring upon aggregation which mav more likely be due to favorable 
intermo1ecu1ar interactions. 
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I n f l u e n c e of s u r f a c e c h a r g e on the s o l u b i l i t y b e h a v i o u r of porc ine 
g a m m a g lobul in 
M Muzaff.ir Mir, Kh.ilic! M fa/ili cind M Abul Qasmi 
IXf I'lintiil 0/ UiMlnniiMry huiiln I)/ Mc/nnu I V/ 6 IZ/wW; 21)2(11)1 Indiu 
The solubilil) ol p^olLln^ in .uiucous salt solutions is 
liovcrned b) two ol I itiors, vl^  , extrinsic (actors such as 
pll, temperature and ionic strength and intrinsic factors such 
js ammo acid coniposition. molauljr size and exposure ol 
h\drophihc/hydrophobic residues at the surlacc ol the 
protein While the inllucncc ol the former is well understood 
11-31, ihit of the litter not clearly established as yet 
|4 —6] Due to experimental difficulties, previous studies on 
the solubility behaviour of proteins have not provided a clear 
cut rel itionship between solubility and intrinsic properties of 
a protein molecule 17-9) We have chosen a system of three 
proteins differmg onlv in the amount of surlace charge The 
solubilit) behaMour of thes; three preparations in concen 
irated ammonium sulphate solutions should reflect the role 
of surlace charge (if anv) on the solubility characteristics of a 
protein 
Materials and methods. Porcine gamma globulin (IgG), 
bovine serum albumin and Scphacryl S-300 were purchased 
from Sigma Chemical Company, USA Succinic anhydride 
and ninhydrin were obtained from BDH, England and Loba 
Chemicals, India, respectively The rest of the chemicals 
used in this study were generally of analytical grade 
Succinylation of fgG was performed loilowing the method 
of Klotz [101 Solid succinic anhydride (10 and 200 molar 
excess to protein) was added to an IgG solution containing 
1 g of protein in 50 ml of 0 06 M sodium phosphate buffer 
pH 7 S The reaction nii\iurc was stirred gently with the help 
of a mignetic stirrer during the addition of the succinic 
inhydride The reiction was performed it 4°C ind the pll 
u.is m unt lined in the r ms,^  7 4— 7 6 by continuous iddition 
ol Os M sodiun) hvUroxide solution The re.iction was 
complcie in 30 mm The modified proteins were dialy^cd 
igiinst 0 06 M sodium phosphate bufler, pH 7 0 and stored 
It — 1 s°C The extent ol sjccinylation was determined by 
the method of Moore and Stem [111 as described earlier 1121 
The solubility of ihe native and the two succinylated IgG 
preparations was stud ed in Emmonium sulphate at 30 ± 2°C 
and at different pH values as reported earlier [131 The 
solubility data were filled into the Setschenow equation [81 
Logs = /3 ~ K J 
where K, represents silting out constant, S is the protein 
solubility (in g/l) at mnic strength I contributed by amnion 
lum sulphate and /3 is the luotein solubility extrapolated to 
zero lonic strength 
lU'sults and discussion Using 20 and 200 molar exccss of 
succinic anhydride two succinyl Ued IgG derivatives having 
>3 u ind 70') of their lysine residues modilied, were prepir 
lysine residues ire specifically modilied 1121 fhe NI I\e UKI 
sticcinyl itcd IgG preparations weie found to be honio{,cn 
eous with respect to size and charge as evidenced b> single 
symmetrical peaks obtained by Scphacryl S 300 column 
chromatography and single bands obtained .ifter poly.icryl 
amide gel electrophoresis As expected, the relative mobility 
of modified proteins wis higher as compared wuh nitive 
IgCj Similar results have been reported earlier 112-151 with 
other proteins Gel filtration behaviour on a calibrated 
Scphacryl S 300 column (1 75 x 75 cm) UV spectnl fe i 
tures and lluorescence characteristics showed that there wis 
no change m the gross conformation of the IgG molecule 
upon succinylation (data omitted for brevity) Thus we pre 
sume th It the native and two succinylated IgG preparations 
are identical m gross conformation but differ in the amount 
of surf ice charge carried by each 
The solubility of native, 35% and 70% succinylated IgG 
was studied in ammonium sulphate at 30 ± 2°C and at pH 
values of 4 5, 5 2, 6 2 and 7 0 Usually that concentration of 
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r«A/( ' Sntiihilii\ <lala of i\ali\i and 'iimin)liiUil ^ .aininii i,l(>l>iili>i /"'I"' 
riiiioin III a cnmwm iiinn sireni^ih oj ammonium siilplwn (2 XH) nndili/-
lircupll uiliics (4 0- 5 0) (ioliihilin i \pn'ts(ilin >,/1) 
pll N ui\c ItO 35/0 Succmylatcd 70'A Succinyiated 
ibiO 5 260 1 420 
•t 6 4 9Si 4 340 0 795 
44 4 0^5 3 828 0 251 
4 2 4 125 3 680 0 208 
40 4 ini 3 431 0 160 
.inimonmm sulphate was scleticd which gavr 20-80% 
precipitation The solubility turves of the three preparations 
are shown in Figure 1 At different pH values, the values of 
K, varied within the ranges 0 76-0 86, 0 89- 0 96 and 
I 13— 1 27 for native, 35% and 70"/n succinyiated IgG respec-
tively (see Table 1) As is evident, the solubility constant K, 
showed insignificant pH dependence for all the three prepara-
tions However, the K, values for modified IgG were signifi-
cantly different from that of native IgG, the trend being an 
increase in K, with increase in the degree of succinylation In-
terestingly, there was also a slight shift towards a higher con-
centration of ammonium sulphate in the solubility profiles of 
the two succinyiated preparations The solubility measure-
ments at a fixed ammonium sulphate concentration (0 96 M) 
and at different pH values in the range of 4 0 to 5 0 arc shown 
in Table 2 The solubility of native IgG showed very little pH 
dependence m this pH range, whereas the two succinyiated 
forms, particularly the 70% succinyiated IgG, showed a dras-
tic (nearly 8-fold) decrease in solubility from pH 5 0 to pH 
4 0 This IS explained by the fact that succinylation replaces a 
H atom by a succinyl group ( - C O — CHj - COO") Assum-
ing a pK value of 4 77 for the carboxyl function, this group 
will titrate in the pH range 4 0—5 0 and will be converted to 
Its protonated form as the pH is decreased from 5 0 to 4 0, 
which IS probably responsible for the drastic decrease in the 
solubility of succinyiated IgG at lower pH values Similar re-
sults have been reported for succinyiated albumin*! [121 In 
brief, our preliminary results suggest that replacement of a 
pobitive Lhargc ( NHJ) by a negative, thargc (COO") on the 
protein surfatc has a marginal influence on protein solubility 
However, conversion of a charged ^roup to an uncharged 
group or vice versi has a considerab'c effect on protein solu 
bility At the same time it is presumed that l>sine residues 
may be very important in maintaining the high solubility of 
most of the proteins at low pH values It is suggested that 
similar studies with other proteins might give a better under 
standing of the role of intrinsic factors on protein solubility 
and also on the mcchanism of proteir piLXip/tZtion-
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Serum albumin: a universal biocarrier 
Saacl l.iyyiib, M Mu/afr.ir Mir* and M Abul Qasim* 
IkiHiiiiiuiit of l!itnlnniisii\ I amity of Li/i biwiiici, Alii>aili Muslim Uiimmiy, Aln;(ii/i anil 
'i)i'/Hiii>iiciil oj lUinlwnWitry, laiiiliyo/ Mdluinc, Alifiarli Minimi Uiiivcmiy, 
Ahiitirli 202002, U I', /mlui 
Si.runi .ilbuniiii is ihc most .ibundiini proiein in ihc m<imm.il-
iin blood LirLul.uion, (.onsiilutinB aboui 50 —60'/o ol lolal 
-,i.runi proiLins lis biologic.il liiiictions in blood circul.ilion 
iiitlLidt mjiniLii incc ol proper osmoiit picssure and phdrm.i-
u>kineliL disiiibuiion ol mei.ibolilcb anil drugs among vari-
ous tissues ol the body ihe .ibility to dispense with albumin 
IS sluiv n by stvcr.il analbumincmiLs who spend a normal lile 
HI DLSPIII- the great contribution of various workers to-
u irds our understanding of this protein, it still remains rela-
luoly poorly undcislood 12 — 4] This article reviews the 
pi Opel lies ol .ilbumin 
I ' i iysicai propert ies 
Ihc molecular weight ol bovine albumin has been reported 
10 be in ihe range 65 000—69 000 based on various tech-
iiiiiucs However, a value o( 66 S43 has been given for 
hiolccul ir weight based on ammo .leid composition [51 The 
piesenec ol a single N-tciminal amino aeid (Asp) and the ab-
eiice ol my ch mge in molccular weight alter treatment with 
/j iiieic iptoeth mol in the presence ol sodium dodecyl sulp 
liiie l(j|l(jwed by <ill<ylaiion are some ol the strong experi-
nent.il evidence which supports the single chain nature of 
I'lis piotein Ml Ihe albumin molecule resembles many 
oiher uldbul ir piotems in its h>drodynamic behaviour and 
beh i\es like a piol.ite ellipsoid ol revolution, having dimcn-
lonsdl 41 () X 140 OA (6) i his would give an .ixial ratio ol 
t UKI IIIIS hell IVKIUR diclates ihe | luseiice ol three structui-
I (lom mis m Ihc .ilbumin molecule which are arranged in a 
l;iii.ai I ishion like three lennis b.ills in a cylindrical can or 
iniee -lobules (;i) I string |7] It is highly llexible and mter-
Kis uiih ,urrouiuling medium at the suil.ice with the result 
ill a the out.I boundary ol albumin is not rigid but has in 
IViers Ierm,l4l lu//y'borders This ilcxibiliiy is essential 
loi albdmm to II iiisport a large number ol ligands Most of 
ihv inloimation icgarding secondary and tertiary structure of 
bumm ,s |)rimaiily based upon the data obtained from con-
ventional techniques such as optical rotatory dispersion, 
tiri.ul>ii tlichioisni h)drogen exchange, etc , due to the lack 
ol \ I i> dilliaetion studies The v i^lues 55% and 16% have 
I cell Icported loi (r hehx and /3-plealed sheet 18-91 Thcul-
11 iMolet ibsoiption maximum ol about 279 nm and the low 
\ ilue ol Ihc spetilic exiinclion coclllcieni (6 67) are consis-
i^iii uiih ilie lou content ol liyptophan m bovine .ilbumin 
|U)| \l)out two thirds ol Ihe total tyiosine residues are 
I ried in the piotein inteiior, inaccessible to the surrounding 
iiKclium I I I ] I his IS consistent with the occui rence ol a pro-
1 uiK^d iicgni\e iiough at 286 nm in the dillerenee spec-
IIuiii upon den iiui iiion ol ihis piotein (121 in nnlivc albu-
nn (pi I s —7) lume ol the disulphide bonds is .iccessible lo 
K liiiini' ii'fnis hui they become iccessible with the unfold-
i | ul Ihe ilbLinim molecule 1131 
IlltllOUl'lUll) 
In iddition to the existence ol some well known genetic vari-
iiiis ol albumin such as bisalbuminemia, polymorphism [14, 
1 sj and analbuminemia [1], there are several other causes of 
hetciogeneit) in albumin preparations A commonly encoun-
leied heterogeneity in albumin is the oceuricnce of dimer. 
oligomer and often polymers (161 Albumin aimers can arise 
by the formation of disulphide bonds between the lone sul 
phydryl groups of two albumin molecules or by othci un-
known types of covalent bonds (171 Fuither, m addiiion to 
the size heterogeneity, various isomeric lorms of albumin 
can be generated by intermoleculai disulphide interchange 
wah the (rce sulphydryl group (181 Ihe sulphydryl group is 
also believed to participate m the lormalion of disulphide 
bonds with small molecular weight thiol compounds, e g , 
cysteine or glutathione [191 It is because ol this that even 
highly puriTied albumin preparations yield sulph>dryl content 
less than one, i e , 0 6 - 0 7 1201 I inally, another potential 
source of heterogeneity is the presence ol bound ligands, par-
ticularly fatly acids [21] 
C o n f o r m a t i o n a l s tates 
Serum albumin is a labile moleculc .mil changes its conforma-
tional slate with changes m the pll ol the medium The 'N' 
(lor normal) state ol albumin occurs between pll 5 0 and 7 0 
and is charactcrii'ed by various physic.il properties described 
above Below pH 5 0 and up lo pH 4 0, the albumin mold ule 
undergoes a conformational transition Ironi N' slate lo 'I ' 
(lor last moving) state Ihis transition, nhich is commonly 
known as N = F transition, was extensively studied miiiiill) 
by Foster [2] and other workers (11, 22, 231 This transition 
.imong others involves an increase m clectrophorc'tic mobili 
ty [21, decrease in helical conienl (231, increase m i)ios)l 
exposure (111 'ind increase in intrinsic viscosil) (241 I osier 
[21 proposed ihat N = I transition involves noimah/ation ol 
sevei.il carboxyl groups consequent upon the scpir.ition ol 
segments ol albumin molecule llis piediciion has been sup 
ported Irom recent studies which suggest that N I transi-
tion involves separation of the C-icrnunal portion Irom the 
N-terminal part ol the albumin molecule (22, 231 and Irom 
the observation that several lysine residues of albumin are 
buried in the protein interior where they presumably partici-
pate in salt bridge formation with abnormally liirating car-
boxyl groups [25] Below pll 4 0, the albumin moleculc un 
dergoes further expansion into a stale referred to as ' E ' (lor 
expanded) form In this form, the molecule exists m a highly 
expanded state wnh an axial ratio ol 9 0 and a further de-
crease in helical content [261 Increasing ihc pll ol albumin 
solution from 7 0 to 9 0 Iranslorms albumin into another con-
formationally distinct species referred lo as 'B ' (tor basic) 
form This transformation is characterized by a small de-
crease in a-helical content and less anodic mobility in electro-
phoresis [271 Incubation ol albumin soluiion at pll 9 0 for 
3 - 4 days converts it to us fifth isomcric form abbreviated as 
'A' (for aged) form Experimental evidence suggests that 
this liansformation involves a disulphide interchange reac 
lion involving the lone sulphydryl group ol albumin (281 
(sec Figure 1) 
S t r u c t u r e and o r g a n i / a t i o n 
Albumin is one of the few serum proteins which are devoid 
of carbohydrates However, a glycosylated albumin may be 
produced in untreated diabetic patients or by in \iiro ircai-
ment of albumin with cxcess glucose (291 The protein con 
Forum S.ids 'luyyab, M. Muzjlfar Mir iiml M Abui Oasi^ ".) 
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FIK'IIC 1: Conlormaiinnal siaics o! alhiimi/i molecules produced by 
chcinuc o! pH. The vaiunis Jonnh arc: Expanded (E), Fan (F), Normal 
(N), Jianc (B) and Af;cd (A). The perceniaae helical conieni o/ each 
sfaic li reprcicnied by numben at the bottom. 
tains a higher number of acidic ammo acids (Asp and Glu) as 
conipiircd to basic amino acids (His, Lys and Arg) giving an 
acidic character to the albumin molecule. It is also rich in half 
cysicine residues containing as many as 35 such residues. All 
of these residues except one are involved in the formation of 
intramolecular disulphide bonds. All of the 582 amino acid 
residues of bovine scrum albumin are arranged in a single 
polypeptide chain. The primary structure of bovine as well as 
rut and human scrum albumins luis been woikcil nut 15. .10. 
31]. There is considerable sequence homology (60-80%) be-
tween these albumins. Further, the structural organization is 
identical. As indicated earlier, the whole albumin molecule is 
organized into three structural domains [32-34) These cor-
respond to residues 1-190, 191-382 and 383-582 [331. 
Each domain is further organized into two large and one 
small double loop structures. So in all, the albumin molecule 
contains six large and three small double loops (321. All 
except one (the first from the amino terminal) of these loops 
are held together by disulphide bonds. The structural identity 
between the three domains is about 18-25% (331. It is 
widely believed that the albumin molecule evolved from a 
protein of about 77 amino acid residues by lour lokl l.indcni 
gene duplication and one deletion (351. Because of the pre-
sence of repeating double loop structures. Brown [33] has 
further divided each domain into at least twc subdomains of 
unequal size. One of the subdomains is composed of the llrs! 
large loop in each domain and the second subdomain is corri-
posed of the small and the ther large loop in the domain 
(se  Figure 2). The distribution of amino acids in the poly-
peptide chain is uneven giving distinct characteristics to dif-
ferent portions of albumin molecule. For example, domain i 
and II of bovine albumin are acidic having a net charge of 
— 10 and —8, respectively, whereas domain III is neutral 
with a net charge of 0. Similarly, tyrosine residues are con-
centrated in double loops 3 (residues 123—17(>) and 6 
(residues 314—368). Of the total 19 tyrosine rcsitlucs present 
in bovine albumin, 12 are present in these loops. 
1 
2 
: 5 
1A-B 
IC 
2A-B 
2C 
3 A - B 
3 C 
//A'l/a' 2: Ammo aud ieqiience o/ bovine ieniin albumin 15J. Positions of disulphide bonds are shown hytSi. Triannles indicate 
sites oj clctiva^e by cyanogen bromide. Numbers I— 9 on the left indicate the nine double loops of the protein nl ile the 
subdomains are represented by A, B and C in each domain on the right side and helii.es are designated as X, Yand Z 
Sci iini jihumin; a universal biociirricr Forum 
Because of the peculiar repealing structural features in the 
albumin niolccule il seems plausible to assume that the key 
to iltc understanding of the tertiary structure of the albumin 
nioleculc is ()io (iiior kiunvlcdyc of Ihc .slriiclurjil Icaliircs of 
one of ihe double loops. An interesling observation made by 
lirown [33] was the occurrence of invariant proline residues 
in ilic middle of the sequence enclosed by a disulphide bond 
in all the large loops. He proposed that the sequence enclosed 
by a disulphide bond in a large loop primarily contains o-
helical structure and tliat its continuation is disrupted by the 
presence of invariant proline. Thus each large loop may be 
Considered to be composed of two u-helical structures of 
about 22 amino acid residues which are joined by a hair-
pin-like structure at the ti|) of the loop. In addition to the two 
hclical structures described, the segment joining the large 
loo)) to the small loop plu.s a portion of the small loop is also 
pro))osod to e.xist in the form of a hclical structure of about 
ilie same size as the two helices proposed in the large loop. 
1 his would give a prominent three helix structural organiza-
tion in cach subdomain (see Figure 2). The three helices can 
be pui together to form a trough like structure with an inside 
and outside. If (he two subdomains arc paired with hydropho-
bic forces logeiher, they will produce cylindrical structures 
with a hydrophobic interior. This sort of arrangement is be-
lieved to create some of the important ligand binding sites in 
the albumin molecule. 
Ligand binding properties 
A variety of compounds differing in structure and chemical 
properties are known to bind albumin (4, 10]. The number 
of such compounds is so large that it is hardly conceivabic to 
iliink of the Siime number of binding sites in albumin. 
Chcmically, these compounds vary in structure from small 
inorganic ions like Ca'^ *, Cu^', N i " . Z n " , Mn^*, C o " , Cd^*, 
llli '", Au^' antl AT" lo a variety of organic compounds dif-
fering in structure and properties [37, 38j. Of the organic 
con>pi)unds, the predominant class of compounds arc those 
which can be classified as organic anions. These include 
some physiologically important ligands like bilirubin, fatty 
acids and a large number of drugs which are administered 
under pathological conditions and which become bound lo 
albumin upon their entry into the blood circulation [39, 40). 
The list of such compounds is very long. Some of these are, 
for example, ampicillin, warfarin, diazepam, digitoxin, 
sLilic>iic acid, dapsones, sulphanilamidc, morphine, phenyl 
butazone. Many organic dyes iflso bind with serum albumin. 
These include methyl red, phenol red, bromocresol green, 
bromophenol blue, bromosulphophthalein, Evans blue, 
Congo red. Various attempts have been made lo understand 
the binding of these ligands at molecular level and its role in 
the pharmacokinetic distribution of drugs. A large number of 
research papers have been published particularly by Broders-
en and co-workers on the interaction of some organic anions 
with albumins [39 — 41). Their results have contributed a lot 
towards our understanding ofthe.se interactions at molecular 
level in. the identirication of binding sites and in understand-
ing the role of albumin in the transport of these compounds 
uiidci physiological and various pathological conditions. It 
has been pro|5oscd that ihere are at least three distinct bind-
in.): sites on albumin [41]. Each of these sites binds a large 
number of structurally similar compounds. 
Probably the best characterized binding siles on albumin 
arc those of laity acids and bilirubin, These ligands are physi-
ologically imiiortanl and arc transported in the blood circula-
tion in the form of a complex with albun'in i u( ii,er, toxic 
bilirubin is rendered nontoxic upon binding lo albumin. The 
capacity of albumin for fatty acids is quite high and it can 
bind at least as many as six fatty acid molecules per mole of 
albumin al high concentration of I'aiiy acid. However, under 
physiological conditions, ihc concenir;iiion of fatly acids in 
blood remains such that only about 1 - 2 inoles of fatty acids 
arc bound per mole of albumin. It is believed that albumin 
contains fatty acid binding sites of gradually decreasing affin-
ity. The studies based on fluorescence energy transfer, in-
duced circular dichroism and electron paramagnetic reso-
nance spectroscopy, have suggested that the iwo fatty acids 
bind in an anti-parallel fashion in domain 111 of human serum 
albumin. The two fatly acids are located at a distance of 23A 
and 25A from the tryptophan at position 214 of human albu-
min (41). Based on fragmentation studies of albumin it was 
proposed that the primary bilirubin binding site resides in the 
region of amino acid sequence 186-238 [9]. In addition lo a 
strong primary binding site (K., = 1.4 x 10" M" ' ) there are 
two other relatively weaker siles (K^ = 5.0 x 10' M " ' ) [41], 
Under physiological conditions, the concentration of bilibru-
bin is low and even the primary binding site is not fully 
saturated. In jaundiced neonates, however, the primary site 
may be completely saturated. The nflmity of the second and 
third binding siles is not strong enough lo prevent entry of 
free bilirubin into the central nervous system where its depo-
sition ultimately causes development of kernicterus [41]. 
Thus it appears that the second and the third binding sites 
play, if any, insignificant roles in the detoxification of biliru-
bin. Because of this, very little attention has been given to 
these sites and almost all the studies have been directed to-
wards understanding the binding of bilirubin ;it the primary 
site (42). Involvement of lysine residues of scrum albumin in 
bilirubin —albumin interaction has been proposed by several 
workers [41—43]. The bilirubin at its binding site probably 
exists in a more expanded conformation devoid of the 
normal hydrogen bonded pattern [441. The two negative 
charges contributed by carboxyl groups of bilirubin arc 
probably neutralized by Ihe two cationic groups of albumin. 
A brief review of the literature presented above suggests 
that despite extensive studies, several aspects of ligand inter-
actions are either not known or poorly understood. For 
example, how does a protein molecule of only 69 000 
molecular weight transport various exogenous and endoge-
nous ligands at a particular time in a circulatory system under 
physiological conditions? 
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